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CHANGES IN HEART RATE AND BLOOD PRESSURE OF 
THE CAT IN RESPONSE TO INCREASED PRESSURE IN 
THE RIGHT SIDE OF THE HEART 


_ By GWENDA R. BARER anp 8. R. KOTTEGODA 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 22 January 1958) 


Aviado, Li, Kalow, Schmidt, Turnbull, Peskin, Hess & Weiss (1951) isolated and 
perfused the right side of the heart in dogs. They observed a fall of blood 
pressure and heart rate when the pressure was raised in the right heart; this 
was abolished by section of the vagi. There was no reflex change in heart rate 
or blood pressure when the pressure was raised in the great veins, 
It was decided to try to reproduce in cats the effects observed by Aviado 
et al. (1951) on raising the pressure on the right side of the heart. In particular 
it was thought desirable to discover the exact conditions, such as the general 
state of the animal, the magnitude of the increase in pressure in the right 
atrium and pulmonary artery, and the initial heart rate, under which these 
effects could be obtained. The importance of the initial heart rate has been 
demonstrated by Coleridge & Linden (1955a, b), who found in dogs that 
venous infusions caused tachycardia when the initial heart rate was low and 
bradycardia when it was high. , 


METHODS 


Cats were anaesthetized with chloralose (60 mg/kg). The chest was opened in the mid line and 
artificial respiration with oxygen was maintained by means of a Starling ‘Ideal’ pump. When the 
dissection was complete, the blood was rendered incoagulable by the intravenous injection of 
heparin (10 mg/kg, Boots Pure Drug Co.). 

The perfusion apparatus (Fig. 1) was filled with heparinized blood recently taken from another 
cat. The two reservoirs (R, and R,) were heated by means of water jackets to a temperature 
approximately 0-5° C higher than the rectal temperature of the animal, to allow for cooling in con- 
necting tubes. 

To avoid damage to nerves and plexuses, the main pulmonary artery was exposed with the 
minimum of dissection and ligatures were passed with a fine aneurysm needle. While gently 
occluding with curved forceps, a large transverse slit was made in the artery, and two cannulae 
(C, and C,) pointing in opposite directions were inserted. A slow saline drip was connected to the 
distal cannula (C;) to prevent air entering the pulmonary vessels. During the cannulation the 
systemic blood pressure was sustained by a slow transfusion of blood into the femoral artery. 
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From the proximal pulmonary arterial cannula (C,) blood flowed through a Starling resistance 
(SR) to a Gaddum (1929) outflow recorder (GR) for the measurement of right heart output. Thence 
it flowed into a heated reservoir R, and pumping chamber (PC). From here it was raised by means 
of a Dale-Schuster pump to a second heated reservoir R, whose level was maintained constant by 
an overflow tube (O,) leading back to R,. From the upper reservoir (2,) blood flowed by gravity 
at constant pressure into the distal end of the pulmonary artery (C,). Another tube was used to 
connect the upper reservoir (2,) to the right atrium, in order to raise right atrial pressure. The 
rate of flow was controlled by a screw clip, and the stationary blood in the tube was flushed out 
through a side arm. Changes in venous pressure were measured with a damped mercury mano- 
meter connected to a long polyethylene catheter pushed down the right external jugular vein to 
the thoracic inlet. Carotid pressure was measured with a mercury manometer. The heart rate 
was recorded with a Thorpe drop-timer operated by the output of a condenser manometer in- 
serted into the carotid cannula tubing, or by means of an electrocardiograph (lead 1). 


Fig. 1. Diagram of apparatus. C, and C,, cannulae in proximal and distal ends of main pulmonary 
artery; SR, Starling resistance; GR, Gaddum outflow recorder for measuring right heart 
output; PR, piston recorder; R,, heated reservoir; PC, pumping chamber; R,, second heated 
reservoir connecting with distal part pulmonary artery and right atrium; 0,, overflow tube 


from R, to R,; O, overflow for R,; VP, 
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RAISED PRESSURE IN THE RIGHT HEART 3 


One hundred and ten experiments were performed in all. Twenty-three cats did not survive, 
the main causes being a short pulmonary artcry so that the cannulae obstructed either the pul- 
monary valve or pulmonary artery bifurcation, and cardiac failure. A further twelve experiments 
were disvarded because the constant-pressure perfusion technique was rot perfected. Of the 
remaining seventy-five cats, forty-eight were considered to be in sufficiently good condition to 
include in the series, the remaining twenty-seven being discarded because of low blood pressure 
or cardiac irregularities, although the results obtained in them were comparable with those de- 
scribed below. Phenyl diguanide was injected in six of the forty-eight successful experiments and 
caused @ fall in systemic blood pressure and heart rate, thus indicating the integrity of certain 
cardiovascular reflexes (Fig. 2) (Dawes, Mott & Widdicombe, 1951). 


RESULTS 


Two methods were used to raise the pressure on the right side of the heart. 


_ In the first, the pressure in the proximal part of the pulmonary artery was 
raised by means of the Starling resistance (Fig. 1, SR). In the second, the 
pressure in the right atrium and central veins was raised by opening the tube 
connecting the upper reservoir (Fig. 1, R,) to the right atrium, thereby in- 
creasing the inflow of venous blood. In both series of experiments blood con- 
tinued to flow into the lungs through the distal pulmonary cannula at con- 
stant pressure. 


Raising the pulmonary arterial pressure 


Pulmonary arterial pressure was raised in twenty-two cats by increasing 


the pressure within the Starling resistance. Typical results are shown in 
Table 1 and Fig. 2B. No changes were observed in heart rate or systemic blood 


pressure until the pulmonary arterial pressure was raised so high that the right | 


heart output was reduced, at least temporarily. At this point there was usually 
a rise in venous pressure accompanied in most cats by a slow fall in systemic 
blood pressure and a decrease in heart rate. The onset of the bradycardia was 
gradual, beginning after 10-20 sec of raised pulmonary arterial resistance, and 
it was at a maximum just after the release of the stimulus when the venous 


pressure was at its highest (Fig. 2). When the pulmonary arterial resistance _ 


was repeatedly raised, these changes tended to disappear and if the condition 
of the cat was poor there was often a rise instead of a fall in systemic blood 
pressure. In only one cat was there a slight initial increase in heart rate before 


the onset of bradycardia. Gross changes in the electrocardiogram, such as are 


often taken to indicate myocardial damage, began to appear at the same time 
as the bradycardia (Fig. 3). The QRS complex was reduced in size and the 
ST segment became depressed or the T wave inverted. Gross irregularities in 
cardiac rhythm were produced by pressures a little higher than those required 
to produce the effects described. 

~The bradycardia and decline in systemic blood pressure which accompanied 
a large increase in pulmonary arterial pressure were no longer observed after 
section of both vagosympathetic trunks in the neck in nine cats me 4). 
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Tasix 1. Effect of increasing pulmonary arterial pressure in the cat 


Pulmonary 
arterial 


Duration pressure 


Right heart 
pressure (mm Hg) output (ml./min) 


Heart rate 
(beats/min) 


Carotid arterial 
pressure (mm Hg) 
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sec) Before 
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Fig. 2. Cat 3-2 kg, chloralose. At A, 100 ug phenyl diguanide was injected intravenously. At 
B, pressure was raised in the proximal end of the pulmonary artery. Tracings and numbers 
_ from above downwards: right heart output, heart rate, carotid pressure, external jugular 
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and ¢ indicate successive tests; ‘before’ and ‘after’ refer to pressure change. 


pressure, pressure in proximal end of pulmonary artery. 
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Instead, there was often a rise in blood pressure following the time course of 
the rise in venous pressure, and sometimes an increase in heart rate (Fig. 5). 
In some cats the right heart output increased when the vagi weze cut, and a 
greater rise of pulmonary arterial resistance was then required to bring about 


signs of right heart failure, 


1 sec 


Fig. 3. Cat, 4:5 kg, chloralose. Electrocardiogram lead I. A, pulmonary arterial pressure 9 mm 
Hg; B, 30 sec after raising pulmonary arterial pressure to 29 mm Hg; C, vagi cut, pulmonary 
_ arterial pressure 9 mm Hg; D, 30 sec after raising pulmonary arterial pressure to 31 mm Hg. 


Figures indicate heart rate (beats/min). 


mm Hg 


Fig. 4, Cat, 2:5 kg, chloralose. Effect of raising pressure in proximal end of pulmonary artery. 
A and B before, C and D after cutting vagosympathetic nerves in neck. Tracings and num- 
bers from above downwards: right heart output, external jugular venous pressure, pressure 


in proximal end of pulmonary artery, carotid pressure, heart rate. 
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Fig. 5. Cat, 4-0 kg, chloralose. Effect of raising pressure in proximal end of pulmonary artery after 
section of vagosympathetic nerves in the neck. Tracings and numbers from above downwards: 
right heart output, carotid pressure, heart rate, external jugular pressure, pressure in 


Raising the right atrial pressure 

The flow of blood to the right atrium was increased in twenty-six cats and 
some of the results are shown in Table 2. This blood was mixed venous blood 
which had escaped from the proximal end of the pulmonary artery, so that it 
was unlikely to cause any change in chemical composition on entering the 
right atrium. Quite large quantities of blood (100-200 ml./10 sec) were re- 
quired to raise the venous pressure to levels comparable to those observed 
after raising the pulmonary arterial pressure. When the added trauma due to 
inserting a large atrial cannula and the longer duration of the preparation are 
borne in mind, the results are much the same as those recorded in the previous 
section, though less constant. A fall in heart rate similar in timing to that seen 
after raising the pulmonary arterial pressure was observed in seventeen cats. 
There was also frequently a fall in systemic blood pressure. Both bradycardia 
_ and hypotension often disappeared when the stimulus was frequently re- 
peated. In a few cats the electrocardiogram was recorded and changes 
similar to those described i in the previous section were observed during the 
bradycardia. 

An increase in heart rate was recorded in only two cats with intact vagi on 
increasing the inflow of blood to the right atrium; in neither of these was there 
an increase in venous pressure. In one there was difficulty in regulating the 
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tests; ‘before’ and ‘after’ refer to increased inflow to right atrium. 
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temperature of the reservoirs; a direct thermal action of the incoming blood — 
on the pace-maker in the right atrium could therefore not be excluded. 

In six out of eight cats the bradycardia and/or fall in systemic blood pres- 
sure which followed an increase in right atrial pressure was abolished by sec- 
tion of the vagi. In the remaining two cats there were some periods of brady- 
cardia after section of the vagi. In one instance there was a brief period of 


Taztx 2. Effect of increasing the inflow of blood to the right atrium in the cat 


Increase 
Duration Right heart Heart rate Carotid arterial “in 
| = output (ml./min) (beats/min) pressure (mm Hg) vehous 
: ) Cat no (sec) Before After Before After Before After (mm Hg) 
| 1 85 400 675 180 156 100 90 _ 
2a | 72 300 455 204 168 120 110 18 
| b vagicut 67 300 460 204 204 124 124, 138 14 
3 8 23 355 740 222 180 96 94 
i 4a 17 375 660 180 180 128 128 
bvagicut 45 225 525 180 216, 204 76 90 
| 5a BO 305 600 216 192, 168 78 78 
bvagicut 70 335 695 228,240 228+ 134 144 
| 6a* 125 290 620, 275 204 204, 132 108 108, 84 2 
b vagicut 240 215 : 208 208 110 110 2,17 
: 7 eo 400 >645 192 150 112 102 6 
8a il 322 >415 218 170 109 103, 112 2-5. 
bvagicut 11 368 >415 228 235 102 97, 125 3 
9 40 216 168 93 79 2 
10 92 135 560 240 168 76 76 3 
| ll 62 140 555 252 156 80 80 4-5 
12a 95 385 760 192 192 144 134 5 
| b 43 390 760 204 156 118 104 eg 
¢ 72 375 750 228 240 134 148 5 
| * Effect only observed when heart failed to put out all the blood returned to it. a, b, and c indicate successive 


cardiac slowing 8 sec after the period of increased atrial inflow, when the elec- 


_ trocardiogram had returned to normal. In the second cat the heart rate de- 


creased by 10 and 16% in two tests before cutting the vagi, and by 4, 1-5, 11 
and 28% in four successive tests after cutting the vagi; the last two tests were. 
accompanied by gross changes in the electrocardiogram. In neither of these 
cats did the response seen before cutting the vagi persist in identical form 
after cutting the vagi, so that it is thought that they were exceptions due to 


cardiac damage. On balance it seems probable that the bradycardia and fall 


in systemic blood pressure which followed an increase in right atrial inflow 
were dependent on the integrity of the vagi, as was the response to an increase 
in pulmonary arterial pressure. 3 | 

When the flow of blood to the right atrium was increased after section of the 
vagosympathetic nerves in the neck there was frequently a rise in systemic 
blood pressure or heart rate or both, whatever the response had been before. 
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In these experiments, with blood flowing from external tubes into the right 
atrium, it was difficult to exclude temperature effects as a cause for changes 
in heart rate, but where the response was altered by the section of the vagi 
this seems improbable. Also the tachycardia observed after section of the 
vagi usually resembled that following a rise in pulmonary arterial pressure 
after vagal section, in that it came on after an interval. 


DISCUSSION 
These sadn confirm in cats the observations of Aviado et al. (1951) in dogs. 


The predominant response in cats to a rise in pressure in the right atrium and 


great veins or in the proximal part of the pulmonary artery was a fall in 
systemic blood pressure and heart rate. There was an occasional increase in 
heart rate, such as Aviado et al. (1951) found in dogs whose condition was 
deteriorating. The responses to a rise in pressure in the two regions were so 
similar as to suggest that the same mechanism was operating in each case. It 
is tempting to conclude that this was a reflex from the right heart, with afferent 
fibres in the vagi. Section of thd vagi, however, cuts not only such postulated 
afferent nerves, but also the efferent nerves to the heart. Since we have pro- 
duced no unequivocal evidence of a change in vasomotor activity when the 
pressure in the right side of the heart was raised, it would be premature to 


_ assume that the phenomenon was due to such a reflex. The possibility is not 


excluded that it might be caused by changes elsewhere in the cardiovascular 
system. 

The primary purpose of the experiments was to define the conditions under 
which the bradycardia and fall in blood pressure in response to raised pressure 
in the right side of the heart could be obtained. The effect was usually only 
seen when the pressure in the proximal part of the pulmonary artery was raised 
to a point where the right heart ceased to be able to maintain its output and 


_ the venous pressure rose. At the same time there were changes in the electro- 


cardiograph suggesting anoxia or myocardial damage. These changes may have 


been due to coronary insufficiency resulting from the increased work of the 


right ventricle. In the experiments in which blood was run into the right 
atrium in order to raise the venous pressure, very large volumes of blood 
were required, and in both types of experiment it was unusual to obtain a 
response unless the venous pressure rose very high relative to its normal value 
of 1-3 mm Hg. In one experiment (no. 6 in Table 2), in which blood was run 
into the right atrium, we observed a particularly close association between 
failure and the onset of bradycardia and hypotension, in that these appeared 
only when the right ventricular output suddenly diminished and the venous 
pressure rose, It must also be considered that high pressures on the right side 
of the heart might, by deviating the septa, affect the pressure or flow on the 


| left side of the heart, a possibility mentioned by Aviado et al. ici The fall 
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in blood pressure could not have been due solely to diminished left heart 


output caused by deviation of the septum because it only took place when the 


vagi were intact. In none of the seventeen cats in which the vagi were divided 
was there an appreciable fall in systemic blood pressure on raising the pres- 
sure in the right side of the heart, instead there was frequently a rise. In both 
types of experiment the heart rate rose progressively and was quite high by 
the time the preparation was complete. However, the heart rate was not maxi- 


mal and an increase in heart rate could often be obtained even after cutting _ 


the vagi. Coleridge & Linden (19554, b) usually obtained slowing of the heart 
when the heart rate was above 150/min and quickening when it was below, in 
infusion experiments in dogs. Some of the dogs used by Aviado et al. (1951) 
_ had also quite high heart rates judged by this standard. | 

The results presented here and those of Aviado et al. (1951) are difficult to 
reconcile with those of Bainbridge (1915) and many other workers who ob- 
served tachycardia on raising the venous pressure by means of infusion in 
intact animals (for further references see Aviado & Schmidt, 1955). The dif- 
ference may be due to differences in the initial heart rate in the two types of 
experiment (Coleridge & Linden, 1955a, b), or the effect of infusions may be 
due to stimulation of receptors elsewhere than in the right side of the heart. 
Coleridge & Linden showed that the tachycardia observed on infusions or 
opening arterio-venous shunts was not quantitatively related to the rise in 
venous pressure, What we may conclude is that great care must be taken in 
the interpretation of results from complicated experiments in animals with 
open chests. Although in our experiments the cats were in quite good con- 
dition as regards systemic blood pressure (Tables 1 and 2) we did not expect 
_ to find electrocardiographic changes, such as T-wave inversion and variation 
in QRS potential (which are usually taken to indicate cardiac damage) 
appearing early, for instance while opening the chest, in experiments which 
had been quickly and carefully performed. 


SUMMARY 


1. In cats under chloralose anaesthesia the pulmonary artery was divided 
and a variable resistance inserted; the lungs were perfused at constant 
_ 2. When the output resistance of the right heart was increased there were 
no changes in the circulation until the right heart output began to decline 
and the venous pressure rose. There was then frequently a fall in systemic 
_ blood pressure and heart rate which was abolished by cutting the vagi. 

3. When the inflow of blood to the right atrium was increased so that the 
venous pressure rose there was, frequently though less constantly, a fall in 
systemic blood pressure and heart rate, probably dependent on the integrity 
of the vagi. | 
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4. The cardiovascular responses to these two types of stimuli were similar 
and were accompanied by gross changes in the electrocardiogram. These 
changes may therefore be either normal responses modified by the conditions 
of the experiment, or they may only be seen in a failing heart. 


We wish to thank Dr G. 8. Dewes for hie continnows help end eritelsm, and Mr A. Ryder for 
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THE BEHAVIOUR OF CHROMATOLYSED MOTONEURONES 
STUDIED BY INTRACELLULAR RECORDING 


By J. C. ECCLES, B. LIBET* any R. R. YOUNGT 


From the Department of Physiology, Australian National U niversity, 
Canberra, Australia 


- (Received 27 January 1958) 


When the axon of a neurone is severed, the cell body exhibits a profound 
series of morphological and chemical changes (the axon-reaction or chrom- 
atolysis) that begins a few days later and reaches a maximum in 2-3 weeks 
(Cajal, 1909; Bielschowsky, 1932; Hydén, 1943; Nonidez, 1944; Bodian & 
Mellors, 1945; Brattgard, Edstrém & Hydén, 1957). 

It has been shown that, concomitant with these morphological changes, 
chromatolysed motoneurones exhibit changes in their reflex responses 
(Downman, Eccles & McIntyre, 1953). At the height of the chromatolysis 

group I afferent volleys from muscles no longer evoked a monosynaptic reflex 
discharge having the characteristic features of brief latency and virtual 
synchrony. The reflex latency was lengthened by at least 0-5 msec, even during 
post-activation potentiation, and the reflex discharge was dispersed over many 
milliseconds, However, by testing for the facilitation of motoneurones, it was 
shown that there was still a synaptic excitation with the brief latency of a 
monosynaptic action, though it was subliminal for evoking a reflex discharge. 
These observations led Downman et al. (1953) to suggest that the monosynaptic — 
activation of motoneurones was depressed during chromatolysis and that 
there had been a compensatory development of polysynaptic excitatory 
pathways. 

These suggestions can be very effectively tested by the technique of intra- 
cellular recording. In a preliminary investigation Bradley, Brock & McIntyre 
(1955) reported that in chromatolysed motoneurones there was a normal 
latency for the excitatory post-synaptic potential (EPSP) generated by mono- 
synaptic activation, but that it showed an abnormally prolonged and variable 
rising phase. This prolonged smooth rise of the EPSP accounted for the long 

* Fellow of the Commonwealth Fund of New York. Present address: epetnans of Pensiney, : 


University of California School of Medicine, San Francisco and Berkeley. 
t Fulbright Scholar. Present address: Harvard Medical School. 
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latency of the spike discharge, which was initiated as soon as a critical level 
was attained. There was no evidence for the development of polysynaptic 
pathways. In other respects the chromatolysed motoneurones did not differ 
strikingly from normal. The present paper gives an account of a further in- 
vestigation of chromatolysed motoneurones by intracellular recording and in 
part confirms Bradley et al. (1955). In addition, a study was made of the effects 
produced in these motoneurones by the application of currents through the 
intracellular electrode. | 

Recent investigations (Araki & Otani, 1955; Fatt, 1957; Fuortes, Frank & 
Becker, 1957; Coombs, Curtis & Eccles, 1957a, 6) have shown that synaptic and 
direct stimulation of normal motoneurones causes an impulse to be generated 
in the initial segment (IS) of the motor axon (the axon hillock plus the 
non-myelinated axon), which has a much lower threshold than the soma- 
dendritic (SD) membrane. By employing the same methods of investigation 
it will now be demonstrated that the soma-dendritic membrane becomes much 
more excitable in the chromatolysed motoneurone, so that this important 
selective excitability of the initial segment is diminished or even lost. This 
finding in particular will be shown to account satisfactorily for the peculiarities 


of the reflex responses of chromatolysed motoneurones. A preliminary account 


has already been published (Eccles, Libet & Young, 1957). 


METHODS 


The pregianiiion of cats with chromnatolysing motoneurones was similar to that used by Downman 
et al, (1953). Either Lumbar 7, or Sacral 1 ventral root (L7 VR or 81 VR) was divided extra- 
durally under aseptic conditions, and the cats were then studied at intervals of from 14 to 44 days 
post-operatively, mostly at 20-23 days. The micro-electrode technique for recording and for 
passage of direct current pulses across the cell membrane has been described previously (Brock, 
Coombs & Eccles, 1952; Coombs, Eccles & Fatt, 1955a). The micro-electrodes were usually filled 
with 0-6m-K,S0, in 1% agar, with a resistance of 10-20MQ, but in some 3m-KCl was used. The 
operatively severed ventral root and an adjacent normal one were mounted individually on 
platinum electrodes for recording or for stimulating antidromically. Afferent volleys were 
delivered by stimulation of appropriate hind-limb nerves, and were recorded by an electrode 
_ making contact at the junction of the dorsal roots with the spinal cord. The cats were kept under 
light pentobarbitone sodium anaesthesia, and the spinal cord was transected at the first lumbar 
segment. 

The identification of a given motoneurone as being a chromatolysing one was made by its anti- 
dromic response to stimulation of the operatively severed ventral root. The completeness of the 
operative transection of the root was checked post mortem, but could also be tested at the start 
of the experiment by observing whether a group I afferent volley set up any reflex discharge in the 
ventral root with a minimal latency similar to that for a normal ventral root, about 1-1 msec after 
arrival of the afferent volley at the cord, instead of about 1-6 msec, which is the minimum for 
discharge from chromatolysed motoneurones (Downman et al, 1953). 

The identification of a given motoneurone with the specific muscle which it innervates obviously 
could not be made here by antidromic activation from the appropriate muscle nerve, as was done 
by Eccles, Eccles & Lundberg (19575), since the ventral root had already been severed. It was 
assumed that a motoneurone belonged to the muscle whose group Ia afferents produced the 
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largest monosynaptic EPSP (excitatory post-synaptic potential). This is at least generally true 
for normal cells (Eccles, Eccles & Lundberg, 19575). In any case, this identification was not 
critical for this investigation, and was only of significance when considering the question of the 
pattern of relative magnitudes of EPSP’s obtained in response to afferent volleys arriving from 
different muscle nerves. Where the ventral root had been operatively severed, there was a small 
change in relative conduction velocities for group Ia as compared to group Ib afferents in those 
afferent fibres that accompanied the degenerating portions of the motor axons. This made it more 
difficult or impossible to secure a good separation in the arrival times of the two groups at the cord, 
although the lowest-threshold afferents were still apparently those of the Ia group. 
' With few exceptions the account given below is derived from the responses of chromatolysed 
motoneurones selected because they had a resting membrane potential in excess of - 50 mV, and a 


spike potential above 70 mV, in cats 14-27 days after ventral root section. Altogether about 200 — 


chromatolysed motoneurones were studied in twenty separate experiments. The results in all these 
motoneurones were qualitatively similar to those selected on account of their larger responses. 
It should be noted that, although the input capacitance of the micro-electrode to earth was small 
(about 5 pF) it was sufficient to produce about 10% loss of amplitude for the spike potentials of 
the motoneurones (cf. Brock e¢ al. 1952). It should also be added that potentials produced at the 


tip of the micro-electrode (cf. Adrian, 1956) would make the resting potential measurements a — 


less reliable index of the cell’s condition, following penetration by the micro-electrode, than was 
the magnitude of the spike potential. 
RESULTS 

The resting membrane potential and the action potential : 
In many chromatolysed motoneurones the resting membrane potential has been 
comparable with the potentials recorded in normal motoneurones (Brock et al. 
1952; Coombs, Eccles & Fatt, 1955a). The mean value has been about 
—62mV for a series selected on account of their large spike potentials 
(Appendix 1, column 3). However, in our experience with chromatolysed 
motoneurones a larger proportion of penetrations has yielded low values for 
both ‘resting potential and spike potential, and deterioration has been more 
rapid than normal. It thus seems likely that chromatolysed motoneurones 
are more prone to injury by the penetrating micro-electrode. 

Components of antidromic spike potential. Likewise the sizes of the spike 
potentials have often been comparable with those of normal motoneurones. 
A low spike potential has been regarded as the most significant evidence of 
neuronal damage, so with a few exceptions only motoneurones giving spike 
potentials above 70 mV have been chosen for illustration and discussion 
(Appendix 1, column 9; Appendix 2, column 4). Analysis of thespike potentials 


generated by propagation of antidromic impulses into chromatolysed moto- — 


neurones reveals that, as with normal motoneurones, they are composed of 
three all-or-nothing components, which are identifiable as the M spike (first 
myelinated segment), the IS spike (initial segment of motor axon) and the SD 
spike (soma-dendritic membrane) (cf. Coombs, Curtis & Kccles, 1957 a). 

Fig. 1 4-C shows a typical spike potential produced by an impulse pro- 
pagating antidromically into a chromatolysed motoneurone. The electrically 
differentiated record of Fig. 1A gives a clear demonstration of the IS and SD 
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components, which begin at the two arrows, and it resembles the antidromic 
spike potential of normal motoneurones (Brock, Coombs & Eccles, 1953; 
Frank & Fuortes, 1956; Fatt, 1957; Fuortes et al. 1957; Coombs, Curtis & 
Eccles, 1957a, b). However, it differs quantitatively in three respects: the 


‘maximum slope of the IS spike potential is low, being only 0-23 of the SD slope 


(normal range, 0-30-0-6); the SD spike begins at a very brief interval after the 
onset of the IS spike—only 0-15 msec (normal range, 0-25-0-5 msec); the SD 
spike is initiated at a low level of depolarization—only 16 mV (normal range, 
19-37 mV). The respective mean values for a series of chromatolysed moto- 
neurones are 0-30, 0-14 msec and 14-5 mV (Appendix 1, columns 7, 6 and 8). 
Since the SD spike was almost always’superimposed before the IS spike 


Fig. 1. Intracellular recording of spikes and after-potentials from chromatolysed motoneurones. 
Antidromically evoked response of a plantaris motoneurone (resting membrane potential 
about -60 mV) whose axon in L7 VR was severed 20 days previously. The antidromic spike 

_ potential in the upper trace of A is shown electrically differentiated in the lower trace, while 
B and C show the same response at progressively slower sweep speeds. D is at same speed as 
C (time scale below), but at about ten times higher amplification. HZ and F are at same ampli- 

_ fication as D, but with a much slower sweep and are formed by superposition of about 20 
faint traces. 
and in all but two traces of F. | 
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reached its summit, the relative magnitude of the IS spike has been measured 
by the maximum slope of the rising phase, i.e. by the height of the differ- 
entiated record, rather thar. by its peak potential (Appendix 1, column 7). 
The amplification of Fig. 1.4 was too small for the initial M spike to be 
recognized, but the M spike was visible when the IS-SD spike was abolished, 
as occurred in the second responses of Fig. 2A, D, E, and its onset is signalled 
by the first arrow in Fig. 2 F. Usually the size of the M spike as recorded by an 
intrasomatic electrode was 2:5-4:5 mV (Appendix 1, column 4). In chroma- 


tolysed motoneurones it was certainly not abnormally small, as was the IS 4 
spike; rather was there a tendency for it to be larger than normal. Inmany § «@ 


_ chromatolysed motoneurones the interval between the beginnings of the M 


and IS spikes was within the normal range of 0-05-0-12 msec, but often it was 
longer, up to 0-22 msec (Appendix 1, column 5), which suggests a low safety 
factor for propagation and correlates with the relative frequency with which 
there was M-IS blockage of the antidromic impulse. | 

After-potentials. In Fig. 1B, C the spike potential is seen to decline on to a 
small after-depolarization, which decayed in a few milliseconds to an after- 
hyperpolarization, as may be well seen in the higher amplification of Fig. 1 D. 
The full time course of the after-hyperpolarization is shown in Fig. 1E, F 
where the stimulus generating the antidromic impulse was just straddling the 
threshold for the motor axon. When it was usually just below threshold (2), 
it produced a hyperpolarization that has been shown to be due to an in- 
hibitory post-synaptic potential set up by Renshaw cells activated through the 
motor-axon collaterals (Eccles, Fatt & Koketsu, 1954). When it was usually 
just above threshold (F), it produced a true after-hyperpolarization in addition. 
Note that, in contrast to the inhibitory potential, the after-hyperpolarization 
reversed after about 80 msec to a low depolarization. In respect of all these 
after-potentials the chromatolysed motoneurone does not differ significantly 
from normal, 

Antidromic M-IS and IS-SD transmission. It was noted above that in 
chromatolysed motoneurones M-IS transmission tended to be delayed or 
blocked, and further evidence of a low safety factor for this transmission was — 
provided by experimental procedures which impeded the propagation of the 
antidromic impulse into the motoneurone. One such procedure utilized the 
depression following a conditioning antidromic volley. For about 100 msec 
after an antidromic impulse has invaded a motoneurone, there is depression of 
the propagation of a second antidromic impulse due to refractoriness and the 
after-hyperpolarization (Brock e al. 1953). Normally M-IS transmission 
recovers within 2 msec, but a longer interval betweeb volleys is required for 
IS-SD transmission, so that there is usually a considerable range of intervals 
during which the second antidromic impulse produces an IS spike, but no SD 
spike. In contrast, most chromatolysed motoneurones gave either an M spike 
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or a full M-IS-SD spike with the second impulse, as in Fig. 24, B, E, F, there 
being no transitional phase of M-IS spike only. Thus with most chromatolysed 
motoneurones, there has been, at the critical interval for recovery of M-IS 
transmission, also recovery of IS-SD transmission (Appendix 1, columns 10 
and 11). Usually recovery occurred at a test interval of less than 5 msec, but 
much longer recovery times were sometimes required. Fig. 2C, D also shows 
that similar behaviour occurred after conditioning by a spike potential fired 
by orthodromic stimulation. Thus, in summary, there are many instances in 


_ which the recovery time for the IS spike was longer than in normal cells, while 


the SD recovery times were in the normal range. 


10 msec 


Fe, 2. Blockage of antidromic transmission by tecsicepealeneien and stincinadiain With 
the same cell as in Fig. 1 a second antidromic impulse was set up at a critical interval for 
transmission (55 msec) in the single sweeps A and B. Similarly, after synaptic activation of 
this same motoneurone (the first response in C and D) the same critical interval was revealed 
by the testing antidromic impulse. HZ and F (formed by superposition of several faint traces) 
show responses of another chromatolysed motoneurone (flexor digitorum longus, 20 days 
after section of its axon in L7 VR) to two antidromic impulses at a critical interval for 
invasion. In F the response to the second antidromic — is shown at a faster sweep with 
the electrically differentiated record below. © 


When depression of antidromic transmission was brought shea by applica- 
tion of a hyperpolarizing current through the intracellular electrode, . anti- 
dromic blockage also generally occurred in the M-IS stage of transmission into 
a chromatolysed motoneurone. Complementarily, when an antidromic 
impulse generated only an M spike at the normal membrane potential (Fig. 9/, 
J), the application of a depolarizing current restored transmission to IS and 
SD simultaneously (cf. Fig. 9G). These effects of applied currents were, how- 
ever, often observed for normal motoneurones (Coombs, Eccles & Fatt, 1955a), 
and hence are not so discriminative as the depression following a — 


antidromic impulse. 
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The excitatory and inhibitory post-synaptic potentials 
It has been reported that group I afferent volleys cause chromatolysed 
motoneurones to give a reflex discharge which is dispersed temporally over 
several milliseconds and which has a minimum latency at least 0-5 msec longer 
than the normal monosynaptic reflex (Downman et al. 1953). These findings 


have been amplyconfirmed in the present investigation; hence it is of parti- 


cular interest to: oe the synaptic potentials evoked by group I 
afferent volleys. * 


Fig. 3. EPSP’s and partial responses. Lower traces: superimposed records, at about. 5/sec for 


5 sec, of intracellular responses of a biceps-semitendin motoneurone chromatolysed by 
severance of its axon in §1 VR 16 days previously. Upper traces: triphasic action potentials 
recorded simultaneously by an electrode on the dorsal root entry zone at the lower L7 level, 
negativity being recorded downwards. A-H are evoked by afferent volleys set up in biceps- 
semitendinosus nerve by stimuli at the indicated strengths relative to threshold. In Z-H 
the motoneurone was hyperpolarized by application of a current of 5 x 10-°A. The spike 
potentials of A—D and G, H have been in part retouched so as to recover losses in photography, 


M onosynaptic excitatory action. Fig. 3 A—D shows the depolarizing csanbials 
generated in a presumed biceps-semitendinosus motoneurone by group I 


afferent volleys in the biceps-semitendinosus nerve. These potentials show the 


same peculiarities that were reported by Bradley et al. (1955): slow and 


variable rate of rise and prolonged latency for initiation of impulses with a wide 
range of temporal dispersion. The impulses in Fig. 3 D arose, for example, after 
latencies of about 2:5-5-0 msec from the time of entry of the afferent volley 
into the spinal cord. In Fig. 8J the range of latencies was much greater, 
2:3-8°3 msec. The great variability of the successive depolarizing responses 
evoked by any one size of afferent volley is characteristic of chromatolysed 
motoneurones; this is in contrast with the regularly repeatable monosynaptic 
responses evoked by any particular group Ia volley in normal motoneurones 
(cf. Eccles, Eccles & Lundberg, 19574, Figs. 2 and 4-8). 
2 | ‘PHYSIO. OXLIII 
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In agreement with Bradley et al. (1955) the depolarization was invariably 
initiated by the group I afferent volley with a brief latency within the normal 
range (0-5-0-7 msec) after its entry into the spinal cord (Appendix 2, column 5). 
Hence its first stage at least may be indentified as an excitatory post-synaptic 
potential (EPSP) set up monosynaptically. These monosynaptic EPSP’s of 
chromatolysed motoneurones resemble those of normal motoneurones in that 
they are produced by the group of afferent fibres which have the lowest thres- 
hold to electrical stimulation and the fastest velocity, and which have been 
identified as the group Ia fibres from the annulospiral endings in muscle 
spindles (Laporte & Bessou, 1957; Eccles, Eccles & Lundberg 1957a). How- 


ever, in the chromatolysed preparations it has only rarely been possible to 


distinguish between the group Ia and Ib afferent volleys by means of a dif- 
ferential conduction velocity, in the way that is possible in many normal pre- 


~parations (Bradley & Eccles, 1953; Eccles, Eccles & Lundberg, 1957a; 


Laporte & Bessou, 1957). 

Evidently in Figs. 3A—D some other depolarizing process was superimposed 
on the monosynaptic EPSP. Such a process is likely to be either an active 
spike-like response of some part of the motoneuronal membrane, which for 
present purposes will be termed a partial response, or an EPSP which has a 
longer latency because it is generated through a polysynaptic path (cf. Eccles, 
Eccles & Lundberg, 1957c). The ‘ partial responses’ are likely to be due either 
to a full-spike activity of some discrete part of the motoneurone such as a 
dendrite, or to a local response arising in patches of the soma and adjacent 


_ dendrites that have their sodium conductance mechanism partially activated 


(cf. Hodgkin, 1951; Hodgkin & Huxley, 1952). In either case it may be 


_ assumed that they would be diminished or suppressed by any condition that 


caused a sufficient hyperpolarization of the motoneuronal membrane. On the 
other hand, EPSP’s would be depressed little if at all under such conditions 
(Coombs, Eccles & Fatt, 1955c). 

Effect of hyperpolarization on EPSP’s and partial responses. This crucial test 
by hyperpolarization has been applied either by passing a steady hyper- 
polarizing current through the micro-electrode, preferably through one barrel 
of a double electrode, or during the after-hyperpolarization that follows a 
soma-dendritic spike potential. Invariably in chromatolysed motoneurones 


_ the synaptically evoked depolarizations have been greatly simplified by these 


procedures so that they have come to resemble normal EPSP’s. a 
In Fig. 4B the application of a hyperpolarizing current of 5x10-°A — 


~ removed almost all the variable additions superimposed on the monosynaptic ; 


EPSP of Fig. 4.4, and complete removal was produced by 10x 10-°A (Fig. 


4C). On cessation of the current there was immediate restoration of the : 


original type of response (Fig. 4D). A hyperpolarizing current of 5 x 10-°A : 
was similarly effective in Fig. 3Z-H, while Fig. 5E-K shows a more compre- _ 
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hensive series with two different intensities of hyperpolarizing current, and 
afferent volleys set up by a range of stimulus strengths, the largest of which 
invariably generated full spike potentials. A hyperpolarizing current of 
15 x 10-° A was effective in suppressing all the additions to the monosynaptic 
EPSP’s except occasionally with the responses to the largest afferent volley 
(Fig. 5K). In Fig. 6B the weakest hyperpolarization (4 x 10-°A) suppressed 
the spike, but left the variable additions from which it arose in A. With 


8x 10-°A in C these additions were diminished and delayed, while 10x 10-°A 


in D virtually cleared the EPSP of them. 


5x10-7A 10x10-%A msec 

Fig. 4. Suppression of partial responses by hyperpolarization. Responses evoked by a gastro- 
- enemius-soleus afferent volley in a gast ius-soleus motoneurone (resting membrane 


potential about — 60 mV) whose axon was severed in L7 VR 27 days previously. B and C 
were evoked by same stimulus as in A and D (about twice threshold), but during application of 


hyperpolarizing currents of 5 and 10 x 10-°A respectively. Spike potentials have been re- 
touched as in Fig. 3. 


Similarly, in Fig. 5Z-O the after-hyperpolarization following an anti- 


dromically evoked spike potential was effective in suppressing all additions 


to the monosynaptic EPSP as in A—D, except in a few instances with the largest 
afferent volley. | 

It can therefore be concluded that in the chromatolysed motoneurone there 
is a large and variable addition of partial responses to the monosynaptic 
EPSP. When stripped of these partial responses, the remaining depolarizing 


potentials in general resemble normal EPSP’s, but have a rather later summit. — 


The normal interval to the summit of the monosynaptic EPSP ranged from 
1-9 to 2-3 msec (Eccles, Eccles & Lundberg, 1957a, Figs. 4-10), though 
exceptionally the values were as brief as 1-2-1-4 msec, whereas in Figs, 3£-H, 
40 and 5J-K the summits were respectively 3-0, 2-6 and 2-4 msec after the 
_ entry of the afferent volley into the spinal cord (cf. the values of Appendix 2, 
column 9). Possibly small local responses were still superimposed on the 


monosynaptic EPSP’s on Fig. for example. Alternatively, there may 
be some addition of a later polysynaptic EPSP, or the time course of the — 


monosynaptic EPSP may be somewhat slowed in chromatolysed motoneurones. 
It should be noted that the discrepancy is greater if the comparison is made, 
as it should be, with normal EPSP’s during a comparable hyperpolarization, 
for the summit is then as much as 0-3 msec earlier (Coombs, Eccles & Fatt, 
1955c) and the discrepancy would be in excess of 05 msec. 
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™ 5. Comparison of effects of hyperpolarization and after-hyperpolarization on spikes and 


partial responses. A-—K, series as in Fig. 3, but for a gastrocnemius-soleus motoneurone 
(resting membrane potential about -50 mV) 16 days after severance of its axon in 81 VR. 
The stimulus strengths are given relative to threshold and were the same for all records in 
each row. Control responses for the various strengths are given in the first column (A-D), 
while the next two columns hyperpolarizing currents were passed through the intracellular 
electrode at the intensities of 4and 15 x 10-*A. In L-O thesame afferent volleys, as with A—D, 
evoked responses during the after-hyperpolarization set up by an antidromic impulse, P 
being the control antidromic response. Same potential and time scales throughout. Spike 
potentials have been retouched as in Fig. 2. - 


Fig. 6. Intracellular records 


from a plantaris motoneurone (resting membrane potential about }- 60 mV) chromatolysed 
by section of its axon in L7 VR 22 days previously. A shows control response to a plantaris 
afferent volley and in B—D hyperpolarizing currents of 4, 8 and 10 x 10-° A were commenced, 
as shown, just after the onset of the trace. In the upper traces of H—H are shown the spike 
potentials evoked in this motoneurone by a plantaris afferent volley (ZH, F’), by a depolarizing 
current of 14 x 10-*A (@) and by an antidromic impulse (H). In F the plantaris afferent 
volley was superimposed on a background depolarizing current of 6 x 10-*A. Lower traces 
in Z-H are simultaneous records produced by electrical differentiation. Same potential scale 


throughout. 
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Sizes of EPSP's. In Figs. 3-6 the initial slope of the depolarizing potential 
was not appreciably affected when the hyperpolarizing currents were applied. 
With normal motoneurones hyperpolarizing currents of this order caused a 
relatively insignificant increase in the slope of the monosynaptic EPSP 
(Coombs, Kecles & Fatt, 1955c). It appears therefore thatin the chromatolysed 
motoneurones this early steepest part of the depolarization is due to the 
monosynaptic EPSP and that the partial responses are superimposed some- 
what later. This superposition is well illustrated in Fig. 4A and D, where there 
are a few responses resembling those of Fig. 4C. The maximum slopes of the 
monosynaptic EPSP’s generated in chromatolysed motoneurones by homo- 
nymous afferent volleys have varied from 2 to 9 V/sec with a mean value of 
5-5 V/sec (Appendix 2, column 6). These values are signifi¢antly lower than in 
normal motoneurones that have comparable resting and spike potentials, 
where the slopes of the monosynaptic EPSP’s may be as high as 40 V/sec and 
are usually above 10 V/sec (cf. Coombs, Eccles & Fatt, 1955c; Eccles, Eccles & 
Lundberg, 1957 a). 

When the superimposed partial responses were removed by hyperpolariza- 
tion, the sizes of the EPSP’s were also significantly lower than normal. The 
slight prolongation of the rising time was far from compensatory for the 
abnormally low slopes of the rising phase. However, the possibility that the 
partial responses had not been entirely eliminated made the comparison of 
size less reliable than that of slope. 

Time courses and sizes of the partial responses. The time courses of the partial 
responses that are superimposed on the EPSP’s of chromatolysed moto- 


neurones are approximately given by subtracting the underlying EPSP’s that 
are observed during the application of a hyperpolarizing current. As seen 


in Figs. 3-5, the partial responses, as so determined, had a total duration of 
4-6 msec and varied greatly in size, from less than 1 mV to more than 5 mV. 
Sometimes, as in Fig. 3A—D, the partial response had a rounded dome-like 
summit that was attained after a rising phase of 2-4 msec, as may also be seen 
in Figs. 44-D and 5A, B. Alternatively, the partial responses had a brief 


rising phase and a sharp spike-like summit, as in Figs. 5H, K and O and 


 7B,C, G, and I. There were all transitions between the dome-like and spike-like 
partial responses. The dome-like response was always readily suppressed by a 
hyperpolarizing current (Figs. 3Z-H, 4C), whereas spike-like responses some- 
times persisted even with strong hyperpolarization (5K, O), and usually were 
suppressed in an all-or-nothing fashion. The probable loci of production of 
these two types of partial response will be considered later. 

The inhibitory post-synaptic potential. In contrast to the complex and 
variable time course of the depolarizing responses produced by monosynaptic 
excitatory action, the inhibitory post-synaptic potential, IPSP, produced by 
direct inhibition, ran a time course that did not significantly differ from normal, 
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except perhaps in its somewhat more prolonged rising phase. For example, 
the IPSP set up by a quadriceps afferent volley in biceps-semitendinosus 
motoneurones had a latency varying from 1:4 to 1-9 msec, which was in the 
normal range, but thereafter the time to the summit was 1-2-2-0 msec (mean 
1-55 msec), whereas it was about 1-1 msec with normal motoneurones (Coombs, 
Eccles & Fatt, 1955, d). Thus there may be a comparable slowing of the rising 
phases of both the EPSP’s and IPSP’s of chromatolysed motoneurones. The 
investigation was not adequate to determine if there was any significant change 
in the size of the IPSP. | 
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Fig. 7. Partial responses and the discharge of impulses, Upper tracings in A—D are intracellular 
records from a flexor digitorum longus motoneurone (spike potential, 84 mV) whose motor 
axon had been severed 16 days previously in L7 VR. Lower tratvings are from the filament 
of L7 VR that contained the motor axon. A shows response to a depolarizing current pulse 
that generated a spike potential; B—D are responses at same amplification and sweep speed, 
but evoked by a group I maximum afferent volley in the nerve to flexor digitorum longus. 
E-J are responses as in B—D, which are selected to show the wide range of variability of 
partial responses that are superimposed on the EPSP (Z) and evoke full spikes when the 
depolarization attains the critical level (about 13 mV) shown by the arrows in F, H and J. 
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The generation of impulses in chromatolysed motoneurones 

It has been shown that, when normal motoneurones are stimulated synap- 
tically or by a directly applied current, the impulse is generated in the initial 
segment, or possibly sometimes at the first node of the myelinated axon, and 
spreads thence down the motor axon and into the soma and dendrites (Araki 
& Otani, 1955; Fuortes et al. 1957; Coombs, Curtis & Eccles, 19574, b). Unless 
the normal motoneurone is gravely deteriorated, each of the three components, 
the myelinated axon, the initial segment and the soma plus dendrites, gives an 
all-or-nothing spike response except in the very early stages of recovery from 
refractoriness, Thus in the generation of impulses the chromatolysed moto- 
neurone differs from normal in two respects: partial responses were regularly 
observed with a synaptic stimulation that was inadequate to generate a full- 
size impulse; in response to monosynaptic stimulation the discharge of an 
impulse down the motor axon exhibited a very wide range of latency (cf. 
Fig. 8A-C). It appears from records such as those of Figs. 3 and 4 that the — 
additional depolarization produced by the partial response caused the initia- 
tion of the spike potential. This is illustrated in detail in Fig. 77, H and J, 
where a series of partial responses built up the depolarization to the level at 
which an impulse was generated at the arrows. Thus the wide range of latency 
of the partial responses would provide an explanation of the wide range of - 
latency of the impulses discharged down the motor axons. 

Partial responses and the discharge of impulses. Fig. 8 A-I provides a@ parti- 
cularly good illustration of the causal relationship of the partial responses to 
impulse generation, because the EPSP was extremely small, and a large partial 
response of practically constant time course and voltage (I) arose from it with 
a latency that varied by more than 1 msec (cf. Fig. 8 A-C and the superimposed 
records of Fig. 8H). It should be noted that the identification of these 
depolarizing potentials as partial responses and not EPSP’s depends on their 
wide range in latency (about 1 msec) and their occasional absence (cf. Fig. 
8D, H), as well as on their brief time course. Except for the earliest spike of 
Fig. 8H the spike potential arose at approximately the same interval 
(0-5-0-7 msec) after the onset of the partial response. Fig. 8A4—D shows 
typically the wide ranges of latency of the discharges in the ventral root 
fibres (cf. Downman et al. 1953), and it will be observed that the spike of the 
impaled motoneurone occurred at various times during the ventral root 
discharge, being relatively early in 4 and late in C, while it failed altogether 
in D. The ventral root spike potential produced by this motoneurone can be 
recorded in isolation by stimulating it directly (Fig. 8 Z), and so in the complex 
reflex discharges it can be identified as the spike potentials with summits 
marked by the arrows in Fig. 8A, B, and more doubtfully in C where another 
spike is superimposed on it. Thus, with direct and synaptic stimulation, these 
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ventral root spikes arose at approximately the same latency (0:34-0:38 msec) 
after the onset of the intrasomatically recorded spikes. This similarity of 
latency was more effectively illustrated in Fig. 94, C, and # (the range being 
there 0-27 —0-30 msec) because only one or two impulses were reflexly cis- 
charged into the ventral rootlet. 


Fig. 8. Synaptic stimulation, partial responses and discharge of impulses. A—D and Resi rs H, I were 
evoked in a gast ius-soleus motoneurone (axon severed 21 days before in L7 VR) by a 
maximal group I afferent volley in the gast ius-soleus nerve, there being in H about 10 
superimposed traces. @ shows superimposed spike potentials evoked by an antidromic 
volley alone; Z is the response evoked by application of a depolarizing pulse through the 
micro-electrode. The lower traces of B-H (upper of A) were recorded from the filament of 
L7 VR that contained the axon of the motoneurone; the lower traces of F, G and J are the 

_ electrically differentiated records, the arrows in F and G indicating the onset of the SD spike. 
Same time scale for A—J, but A—H are at a lower amplification than the remainder (note 
potential scales). Note that, as shown in the upper tracing of D and some tracings of H, the 
local responses arise from an EPSP which is negligible at the low amplifications employed in 
this figure. J shows superimposed responses evoked in a plantaris motoneurone (14 days 
after axon section) by a plantaris afferent volley, as indicated in the upper trace. In H and J 

_ the spike potentials have been retouched. 


The location of partial responses. When considering the region of the moto- 
neurone that is responsible for generating the partial responses, it is of import- 
ance to determine if partial responses alone are ever responsible for the 
discharge of impulses down the motor axon. This could be tested either directly 
by recording from the ventral root, or indirectly by determining if partial 
responses were ever followed by a refractory period during which it was 
impossible to generate an antidromic impulse. Direct testing is illustrated in 
Fig. 7A-D. Stimulation by the application of a depolarizing current to the 
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soma in A revealed the configuration of the spike potential (indicated by 
arrow) in the ventral rootlet, and a similar potential is indicated by an arrow 
_ in D, where synaptic stimulation evoked a full-size spike as recorded intraso- 
matically. However B and C show typically that large spike-like partial 
responses did not cause the discharge of an impulse. Indirect testing in- 
variably gave the same result, for partial responses never caused refractoriness 
in the motor axons. Since the partial responses have thus never been found to 
be directly responsible for evoking a discharge down the motor axon, it is 
improbable that they are produced in the initial segment, i.e. the axon-hillock 
and non-myelinated axon. 

The spike-like partial responses with rising phases of less than 1 msec 
(Figs. 5#, K and 0; 7B, C; 8) most probably are generated in dendrites some 
distance away from the soma because usually they have been difficult to 
suppress with a hyperpolarizing current. A potential wave of this type would 
be expected if a propagating impulse were generated remotely in a dendrite, 
but failed to continue propagating down towards the soma. Such an origin 
would account also for the relatively constant size and time course that are 
usually observed for these partial responses in any one motoneurone. It would 
also account for the frequent absence of a good correlation between their 
incidence and the level of EPSP depolarization which is being recorded pre- 
sumably within the soma. ee 

The dome-like type of partial response was much more readily depressed by 
a hyperpolarizing current, so presumably it could be produced by partial 
responses of patches of the soma membrane or of the adjacent dendritic 
membrane. Its variability of size and time course (cf. Figs. 3A—D; 4A, D; 
5A, B) may be ascribed to the variable growth and spread of partial responses 
arising in the excitable patches of the membrane. This type of partial response 
thus appears to resemble the local responses that have been investigated, 
particularly in axons. It will emerge in the Discussion that on other grounds 
it is also necessary to postulate that patches of the soma-dendritic membrane 
have an increased electrical excitability. 

IS-SD transmission with synaptic and direct stimulation. With normal 
motoneurones it has been shown that the spike potentials generated by 
synaptic or direct stimulation had the same sequence of IS and SD spike 
potentials as with antidromic stimulation (Araki & Otani, 1955; Fatt, 1957; 
Fuortes et al. 1957; Coombs, Curtis & Eccles, 1957a, 6). However, on account 
of the much briefer IS-SD interval, 0-14-0-25 msec for synaptic as against 
0-25-0-5 msec for antidromic stimulation, differentiation of the spike potential 
was often necessary in order to reveal the inflexion between the IS and 8D 
spikes. In the chromatolysed motoneurone it has already been seen that with 
antidromic stimulation the IS-SD interval was abnormally brief (0-10-0-18 
msec). Comparison of the differentiated records of Fig. 9B with those of the 
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antidromic spike in @ reveals that with direct stimulation of this motoneurone 
the IS spike potential slightly preceded (by 0-07 msec) the SD spike that arose 
at the arrow. However, no trace of an inflexion from IS to SD spike was seen 
with synaptic stimulation, as is shown typically in Fig. 9D, F. An absence of 
a clear IS-SD inflexion similarly occurred with the motoneurone illustrated in 
Fig. 6, both with orthodromic (EZ, F) and direct (@) stimulation, though it was 
evident with antidromic {H) stimulation, where the IS-SD interval was 
0-13 msec. On the other hand, with some chromatolysed motoneurones a slight 
inflexion, presumably indicative of an IS-SD separation, could be seen in the 
differentiated records of spike potentials evoked by synaptic stimulation. For 
- example, comparison of the differentiated records of the spike potentials in 
Fig. 8F and @ reveals that in the synaptically evoked spike there was a slight 


Fig. 9. Locus of initiation of spike potentials. Upper traces of A-H and K are intracellular __ 


records of spike potentials evoked in a gastr ius-soleus motoneurone (resting membrane 
potential about ~68 mV) whose axon was severed in the L7 VR 23 days previously. In 
A, B, H the spike potentials were evoked by a depolarizing current pulse, in C-F and K by 
an afferent volley in gast mius-soleus nerve and in G by an antidromic impulse when 
there was a background depolarizing current of 5x 10-*A. In B, D, F-H and K the lower 
tracing is the electrically differentiated record, the arrows in B, G, H, K indicating the 
onset of the SD spike, while in A, C and Z the lower tracing was recorded from the filament of 
L7 VR that contained the motor axon. With records J, J (each with about forty superimposed 
traces) blockage of antidromic transmission occurred between M and IS in the absence of a 
background depolarization. In J the antidromic stimulus was just at threshold for the motor 
axon, exciting it on about half the occasions, while in J it was about 50% stronger. The M 
spike is identifiable as the difference between the two traces in J, while in J it can be seen to 
have moved earlier. Same time scale for all records, and same potential scale for all except 
Iand J. 


IS-SD separation like that shown in the antidromic spike, the respective 
IS-SD intervals, measured to the arrows, being 0-10 and 0:14 msec. Further- 
more, there appeared to be a change in the response of the motoneurone 
illustrated in Fig. 9, because later (K) in the differentiated record a slight IS 
spike could be detected preceding the SD spike evoked by synaptic stimulation. 
The IS-SD interval as measured to the arrow was abut 0-07 msec, while with 
direct stimulation (H) the IS-SD interval was lengthened to 0-11 msec, 
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_ Site of impulse generation. In attempting to discover the site at which direct and synaptic 
stimulation generated impulses in normal motoneurones, a comparison was made between the 
interval from the onset of the IS spike potential in the intrasomatic record to the onset of the 
corresponding spike potential in the ventral rootlet on the one hand, and on the other hand the con- 
duction time for an antidromic impulse in the reverse direction over this same path (Coombs, Curtis 
& Eccles, 19576). In this way it was shown thatthe impulse usually was generated in the myelinated 
axon by the earliest part of the IS spike potential, but with some motoneurones it appeared so early 
in the ventral root that a primary origin in the myelinated axon was presumed. However there was 
some uncertainty in the evaluation of the conduction time in the orthodromic direction because 
it was occurring under more favourable conditions than the antidromic conduction, e.g. in an axon 
that was already somewhat depolarized by the EPSP or by the directly applied current. 

Similar investigations on chromatolysed motoneurones have shown that with direct and 
synaptic stimulation there was virtually the same orthodromic conduction time from the intraso- 
matic spike potential to the ventral root spike, but there was always a much longer antidromic 
conduction time, as measured between the delivery to the ventral root of a stimulus several times 
the axon threshold strength and the onset of the intrasomatically recorded IS spike potential. 
For example, in Fig. 8 the direct (Z) and orthodromic (A, B) conduction times were 0-36-0-38 
msec, while the antidromic time (@) was 0-59 msec, and similarly in Fig. 9 the respective times were 
0-27-0-29 msec and 0-51 msec. In part this discrepancy can be attributed to the long M-IS 
interval that obtains for some chromatolysed motoneurones (cf. Appendix 1, column 5). When this 
factor was eliminated by measuring the antidromic conduction time to the onset of the M spike 
as in Fig. 9 J, it was shortened to 0-39 msec. | : : 


These values could be taken to indicate that, at least in some chromatolysed 
motoneurones, direct and synaptic stimulation generated the spike discharge 
‘initially in the myelinated axon. However, it should be remembered that, 
even with relatively strong stimuli, a few hundredths of a millisecond would be 
occupied in generating the antidromic impulse and that a considerable allowance 
should also be made for the effect of the preliminary depolarization in ac- 
celerating the conduction of the orthodromic impulse. Thus more information 
is required about these factors before a conclusion can be reached in regard to 
the precise site of initiation of the spike discharge. 

Soma-dendritic origin of synaptically evoked impulses. Since in some moto- 
neurones with intrasomatic recording it was impossible to demonstrate that, 
with the synaptically evoked spike potential, an IS spike preceded the SD 
spike (cf. Figs. 6, 9), it is likely that the spike was initiated in the soma- 
_ dendritic membrane before or simultaneously with its initiation in the initial 
segment of the motor axon, i.e. that the normal IS-SD sequence was even 
changed to SD-IS. Such an eventuality could not be tested with intrasomatic 
recording, for under such conditions the IS spike could be observed only if it 
preceded the SD spike by at least 0-05 msec. An IS spike arising simul- 
taneously with the SD spike or a little later would not be detectable with 
intrasomatic recording. However, occasionally the micro-electrode was in- 
serted into the initial segment (cf. Coombs, Curtis & Eccles, 1957a, 6) and 
consequently gave opportunity for displaying the postulated SD-IS sequence. 

For example in Fig. 10 the antidromic spike potential was the simple spike 
of 47 mV seen in the initial responses of B and C, while the synaptically evoked 
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spike potential of 60 mV (A) was shown by the differentiated record to be 
compounded of two spikes. The synaptically evoked spike was preceded by an 
EPSP of about 5 mV and was associated with the after-hyperpolarization (K) 
that typically follows a soma-dendritic spike (Coombs, Eccles & Fatt, 1955a). 
With the antidromic spike there was virtually no after-hyperpolarization (L); 
hence it may be assumed that the antidromic impulse did not invade the soma- 
dendritic membrane. When the synaptic stimulus was applied at progressively 
briefer intervals after the conditioning antidromic response, it is seen in 


Fig. 10. Spike potentials of the initial segment. Responses recorded from a flexor digitorum 
jongus motoneurone (resting membrane potential about. - 70 mV) by an intracellular micro- 
electrode probably in the initial segment (see text), the motor axon in L7 VR being severed 
22 days previously. Lower traces in A-—J are the electrically differentiated records. A is 
control response evoked by a flexor digitorum longus volley alone; B-J are responses at same 
amplification and speed to an afferent volley and an antidromic impulse at various relative 
intervals, the antidromic response leading in B-H. In I the antidromic stimulus was applied 
after the synaptically evoked impulse and failed to evoke an antidromic impulse. K and L 
are at much higher amplification and slower sweep speed showing after-potentials following 
spikes evoked by synaptic and antidromic stimulation respectively. M-R are later responses 
of same motoneurone, M to the afferent volley and R to the antidromic impulse, while both 
are at various relative intervals in N-Q. Note slower sweep speed. Further description in 
text. 


Fig. 10B-H that the second component of the synaptically evoked spike 
potential became delayed (B, C) and then suppressed, while the initial phase 
was virtually unaffected and was even (H) superimposed on the antidromic 
spike to give a spike that had virtually the same size as the control of the 
synaptically evoked spike (A). Evidently the second component of A involved 
the same membrane as the sole component of the antidromic spike, and with _ 
svnaptic stimulation this membrane was excited secondarily to the soma- _ 
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dendritic membrane, but gave a larger recorded spike potential, as would be 
expected if this spike was generated in the initial segment and the micro- 
electrode was inserted therein (cf. Coombs, Curtis & Eccles, 1957 a). Thus it is 
assumed that there was IS-SD blockage of the antidromic impulse, but 
‘SD-IS transmission occurred for the synaptically evoked impulse. 

This interpretation is supported by the finding that the motor axon was 
rendered refractory for a brief interval after the synaptically evoked spike 
(I and J), and by the series of records (M—R) as the motoneurone was de- 
teriorating following withdrawal and reinsertion of the micro-electrode. The 
synaptic stimulus then evoked the small spike (Fig. 10M), which was still 
associated with an after-hyperpolarization, but was now failing to propagate 
to the axon, while the antidromic stimulus gave the larger simple spike (R). 
_ These two all-or-nothing spikes evidently were produced in quite independent 
areas of membrane, for they could be superimposed at all intervals (N-Q) 
giving a large summed spike (P) when virtually synchronous. 

Thus Fig. 10 shows that the synaptic stimulus caused an impulse to arise 
primarily in the soma-dendritic membrane, while the initial segment re- 
sponded secondarily about 0-1 msec later. It could be argued that this 
anomalous behaviour is attributable to the damage which the micro-electrode 
inflicted on the initial segment, and records M-R certainly show that the 
damage was then extensive enough to block transmission in either direction 
between the initial segment and the soma-dendritic membrane. However, 
the observations of Fig. 10 do suggest that the synaptically evoked impulse 
was primarily generated in the soma-dendritic membrane in those moto- 
neurones where no initial IS spike could be observed (cf. Figs. 6, 9). In other 
chromatolysed motoneurones (Fig. 8) an initial IS spike could be detected, 
but even then the very brief IS-SD interval indicated that the soma-dendritic 
membrane had an abnormally low threshold. 

Synaptic excitations from different afferent sources. When motoneurones were 
monosynaptically excited by afferent volleys from several different sources, 
there were sometimes very different threshold levels at which the observed 
EPSP’s caused the initiation of impulses. For example in the motoneurone 
(probably plantaris) illustrated in Fig. 114—C, the EPSP produced by a 
plantaris volley was almost always effective at a depolarization of about 1 mV 
(B), while a gastrocnemius volley was frequently effective at a negligibly small 
depolarization (C), and a depolarization of about 1 mV was always ineffective 
when produced by a flexor digitorum longus volley (A). A comparable 
series with a motoneurone from another experiment is illustrated in Fig. 
11E-G, where the gastrocnemius volley was also specially effective (@) in 
generating an impulse despite the very low depolarization that it produced. 
Presumably in both these cases the gastrocnemius volley was effective because. 
it generated the impulse in some focus that was so remotely placed on a 
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dendrite that it caused very little depolarization in the soma unless it pro- 
pagated right through it and so down the axon. In the first series a hyper- 
polarizing current reduced the spike potentials of C to spike-like partial 
responses (D), which further indicates that the impulse was arising in a remote 
dendritic area and propagating thence through the soma, unless it was blocked 


by a hyperpolarizing current. 


Responses of the type illustrated in Fig. 11 are to be expected occasionally 
if there are special strategic groupings of synapses on dendrites and if impulses 
are generated primarily in the SD membrane and not, as normally, in the IS 
membrane. In this latter situation it would be expected that all synaptically 
induced depolarizations would be effective in generating an impulse at much 
the same threshold level, as is observed normally (Coombs, Curtis & Eccles, 
1957). 


msec 
Fig. 11. Synaptic excitations from different afferent sources. Records as in Fig. 3. of two moto- 
neurones, A—D and H-G, assumed to be plantaris, with axons severed 20 and 44 days pre- 
viously. A, B and C show respectively the responses evoked by afferent volleys in flexor 
digitorum longus, plantaris and gastr ius-soleus nerves. D is evoked as in C but there 
was in addition a background hyperpolarizing current of 7x 10-*°A. In H-G the responses 


were also evoked by afferent volleys in flexor digitorum longus, plantaris and gastrocnemius- 
soleus nerves respectively. Spike potentials have been retouched as in Fig. 2. 


Some electrical properties of the motoneurone membrane 
In some experiments double-barrelled electrodes were inserted into moto- 
neurones so that currents could be passed through one barrel and the potential 
recorded through thie other barrel (Coombs, Eccles & Fatt, 1955a; Coombs, 
Curtis & Eccles, 1956, and unpublished observations), A compensatory circuit 
has been used in order to minimize artifacts due to capacitive and resistive 
coupling (Coombs, Curtis & Eccles, unpublished observations.) In this. way it 


was possible to determine the time course of the potential change produced 


across the motoneuronal membrane by rectangular pulses of current. 

For example, in Fig. 124 the upper trace gives the recorded potential 
change when a depolarizing current of 4 x 10-*.A was passed through one barrel _ 
of a micro-electrode in an intracellular position, while with the lower trace the _ 
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same current was passed but the micro-electrode had been withdrawn to a just 
extracellular position, the setting of the compensatory circuit being unaltered. 
The difference between the two curves gives approximately the time course of 
the potential change across the motoneuronal membrane. Similarly, with 
Fig. 12B-D, the applied rectangular currents were depolarizing, 2x 10-°A 
and hyperpolarizing, 2x 10-°A and 4x10-°A respectively. However, the 
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Fig. 12. Electrical properties of chromatolysed motoneurone. Responses produced by the applica- 
tion of current pulses to a biceps-semitendi motoneurone A—D with resting membrane 


potential about -60 mV (23 days chromatolysis) and to an unidentified motoneurone (Z-Q) 
with resting membrane potential of about -50 mV (16 days chromatolysis). In each series 
the double micro-electrode was filled with K,S0,, and artifacts were minimized by a special 
compensatory circuit. The upper traces of A~D were recorded first and then the micro- 
_ electrode was withdrawn from the motoneurone and the lower traces were recorded. The 
_ respective strengths of applied currents are indicated in units of 10-* A, depolarizing in A, B 
and hyperpolarizing in C, D. In H-H hyperpolarizing pulses began near the start of trace and 
ceased near the end, the respective strengths being indicated on the records in units of 10-* A. 
In J-L there were depolarizing pulses as indicated. Record M was response to a depolarizing 
pulse of 2 x 10-*A immediately after withdrawal of the electrode to an extracellular position 
just outside the cell. In N-Q the lower trace was recorded from the filament of the ventral 
root containing the motor axon. With W and O the depolarizing current pulse was relatively 
weak; it was much stronger in P and Q and evoked a repetitive spike discharge (see text). 


time course of the membrane potential change so determined would be con- 
siderably briefer than if it were determined simply by the electric time constant 
of the soma-dendritic membrane because electrotonic currents would be 
flowing to more remote regions of the dendrites (Rall, 1957; Coombs, Curtis & 
Eccles, unpublished observations). As would be expected, the time course of 
the potential changes deviates from the exponential form, there being a pro- 
gressive lengthening of the successive half-times of the curve as it approaches 
its final equilibrium. The values of the half-time of a motoneurone have been 
averaged from a series of measurements along the curve in its approach almost 
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to 90% of its equilibrium position. The mean value of the half-time for seven 
motoneurones was 2*3 msec (Appendix 3, column 5). 

The responses of another chromatolysed motoneurone to a wider range of 
currents are shown in Fig, 12#-H for hyperpolarizing currents and /—L for 
depolarizing. On withdrawal of the micro-electrode there was some dis- 
turbance of the coupling resistance between the two barrels, as shown by the 
trace, Fig. 12M, but the compensation remained very good for capacitive 
coupling, so that it can be presumed that the actual time courses of the 
membrane potential changes are shown in traces H-L. From the final steady 
potential change produced in the membrane by a known current, the effective 
membrane resistance can be calculated (cf. Coombs, Eccles & Fatt 1955a). 

A similar investigation was carried out on several other chromatolysed 
motoneurones (Appendix 3, columns 5 and 8), but it was not regularly attempted 
because the response did not differ significantly from normal (cf. Coombs, 
Eccles & Fatt, 1955a; Frank & Fuortes, 1956; Coombs, Curtis & Eccles, 1956). 
When complication by partial responses was eliminated by hyperpolarization 
(Figs. 2-4), the mean half-time of decay of the monosynaptic EPSP of chroma- 
tolysed motoneurones was also normal with a value of 3-5 msec. (Appendix 3, 
column 6). In addition, the time course of the membrane response to applied 


_ current was assessed by determining the spike latencies for depolarizing currents 


of different strengths (cf. Frank & Fuortes, 1956). The mean calculated half- _ 
time was 1-6 msec (Appendix 3, column 7). Finally two estimates of membrane 
resistance (2-0 and 2-4 MQ, Appendix 3, column 9) have been made by deter- 
mining the effect of applied current in altering the size of the spike potential 
(cf. Frank & Fuortes, 1956). In summary it can be stated that these electrical 
properties of chromatolysed motoneurones do not deviate from the normal 
range of values. 

The rheobasic current strengths for chromatolysed inakdentonion (mean 
5x 10-°A) have been generally lower than the values observed for normal 
motoneurones (Appendix 3, column 10). For example, mean values of 
7-4 x 10-°A and about 10x 10-°A were found by Frank & Fuortes (1956) and 
by Coombs, Curtis & Eccles (unpublished observations) respectively. This 
low value may be correlated with the propensity of chromatolysed moto- 
neurones to give partial responses when subjected to small depolarizing 
currents. For example partial responses can be detected in Fig. 12J with a 


_ current of 6x 10-°A and are large in Fig. 12K at the rheobasic strength of 


8x10-°A. Doubtless such partial responses aid the depolarizing current in _ 
producing the critical level of depolarization for generating a propagated 
impulse, as may be seen in Fig. 12K and by comparison of Fig. 12N and 0. — 
Stronger depolarizing currents generated repetitive discharges of chromatolysed 
motoneurones (Fig. 12 P,Q), possibly even more effectively than with normal 
motoneurones. It will be seen that the partial response in Fig. 12N failed to ~ 
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evoke the propagation of an impulse down the motor axon (cf. Fig. 120). In 
Fig. 12P, Q each of the successive spikes led to a propagated impulse except 
the last of Fig. 12 P. The partial response at the end of Q also failed to propagate. 


DISCUSSION 
The experimental observations reported above indicate that chromatol 
motoneurones exhibit abnormal behaviour in three respects. | 

(1) Monosynaptic excitatory action upon them is less effective in generating 
the EPSP (Table 2, column 6), which rises more slowly than normal to a later 
summit. However, this deficiency does not lead to the expected diminution of 
reflex discharge because it is compensated by the abnormality next to be 
considered. 

(2) There are exceptionally excitable patches of the soma-dendritic mem- 
brane. Small EPSP’s are capable of producing partial responses of these areas, 
which in turn add to the depolarization of the EPSP, so compensating for its 
deficiency. Evidence has been given above which suggests that there are two 
main types of partial response: those with a steeply rising phase and an all- 
or-nothing behaviour, which probably are full-size spikes in remote dendritic 
areas that are blocked in propagation towards the soma; those with a much 
slower rise and more variable time course and size, which probably develop 
in patches on the soma or proximal dendrites. Thus it is envisaged that the 
excitable patches are widely distributed over the soma and dendrites. There is 
no regularity in the production of either type of partial response by an afferent 
volley (Figs. 3, 4, 5, 7,8 and 11). Moreover, the partial responses may appear 
at very diverse times relative to the EPSP (Figs. 7, 8) and so at very diverse 
levels of depolarization. Thus it has to be postulated that the excitable patches 
are continually varying in the degree of their excitability, both absolutely and 
relatively to one another, as is well illustrated in Fig. 7 H—J. This increased 
excitability of the soma-dendritic membrane is revealed also by analysis of 
the antidromic spike potential. The threshold level of depolarization for the 
antidromic generation of a soma-dendritic spike has a mean value of only 
14-5 mV (Appendix 1, column 8), whereas normally the mean value has been 
found to be 26 mV (Coombs, Curtis & Eccles, 19575). 

(3) Chromatolysed motoneurones are also abnormal in respect of the re- 
sponses of the initial segment of the axon. The size of the spike response (iS 
spike) as recorded by an intrasomatic electrode is abnormally small (Appendix 
1, column 7) and antidromic propagation from the medullated axon into the 
initial segment has a lowered safety factor (Appendix 1, column 10). 

On the basis of these three abnormalities it is possible to explain all the 
disordered behaviour of chromatolysed motoneurones. The most characteristic 
features of the reflex responses of chromatolysed motoneurones are the 


lengthening of the minimum latency and the great increase of temporal 
3 | 


PHYSIO. CXLIII 


‘ 
a 
ae 


34 J. C. ECCLES, B. LIBET AND R. R. YOUNG 


dispersion of the reflex responses evoked by a group Ia afferent volley. Normally 
the EPSP of some motoneurones rises so steeply that the depolarization reaches 
the threshold (about 10 mV) for initiating a reflex discharge in as brief a time 
as 0-4 msec from its onset. In the chromatolysed motoneurone the EPSP rises 
much less steeply, and, at a relatively low level of depolarization, partial 
responses are initiated at the exceptionally excitable patches of the soma- 
dendritic membrane, These partial responses add to the depolarization of the 
EPSP and so eventually a full-size impulse may be initiated and propagated 
down the axon. As is well illustrated in Figs. 7 F, H, J and 8H, the additional 
time involved in this intermediate phase of partial responses accounts for the 


_ lengthened synaptic delay. Furthermore, there is a large degree of variability 


in the initiation of the partial responses, there being often a demonstrable 
spread from one partial response to another before the threshold depolariza- 
tion was attained for initiating a propagated impulse (Fig. 7F, H, J); hence 
an explanation is provided for the large amount of temporal dispersion of the 
reflex discharge evoked by a group I afferent volley (cf. Fig. 8 A-D; Downman 
et al, 1953; Bradley et al. 1955). 

The spike-like type of local response sometimes occurred very late on the 
EPSP. Unfortunately the events occurring at the presumed site of initiation 
far out on the dendrites are not observable with a micro-electrode located 
intrasomatically. However, it may be assumed that such full-size impulses 
out in the dendrites are initiated by the same process of progressive depolariza- 
tion by build-up of successive partial responses that has been observed to 
occur with the partial responses arising in the soma region. 

Tauc (1955, 1956, 1957) has shown that, when depolarized, the ganglion 
cells of Aplysia and of Helix pomatia often respond by small spike-like responses 
that he attributes to specially excitable patches on the surface membrane, 
which thus would resemble the soma-dendritic membrane of chromatolysed 
motoneurones. Furthermore, he has postulated that the depolarization pro- 
duced by activation of these excitable patches is instrumental in activating 
other patches and so eventually in giving the full-size spike. Thus a chroma- 
tolysed motoneurone appears to behave very similarly to a normal ganglion _ 
cell of Aplysia and Helix pomatia. Small spike responses superimposed on the _ 
excitatory post-synaptic potential have been observed by Bullock & Hagiwara _ 
(1957) when there was failure of transmission of high-frequency impulses across 
the giant synapse of Loligo. 


Chromatolysed motoneurones have often resembled normal motoneurones _ 
(Coombs, Curtis & Eccles, 19576) in that the actual site of initiation of the _ 


propagating impulse is either in the initial segment of the motor axon or at the _ 
first node of the medullated axon (Figs. 8¥,9K). Onaccountofitsabnormally — 
low threshold the soma-dendritic membrane is invaded by the impulse in the _ 
initial segment after an abnormally brief delay (0-05-0-12 msec). However, — 
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in a number of synaptically stimulated motoneurones it was impossible to 
detect an IS spike preceding the SD spike (Figs. 6F, G; 9D, F). Apparently 
the impulse was being initiated in the soma-dendritic membrane and secondarily 
invaded the initial segment. Such a sequence of SD-IS involvement would 
not be directly demonstrable as an SD spike followed by an IS spike unless the 
micro-electrode was in the initial segment, as appeared to be the case in the 
experiment illustrated in Fig. 10. 

In general agreement with Bradley et al. (1955), chromatolysed moto- 
neurones have not significantly differed from normal motoneurones in respect of 
resting potential, spike potential and the after-potentials (Fig. 1). There was also 
no appreciable abnormality in respect of the resistance and electric time con- 
stant of the motoneuronal membrane (Appendix 3), so the membrane capacity 
also would be within the normal range. It can therefore be concluded that the 
diminution of the monosynaptic EPSP (Appendix 2, column 6), is due to a 
diminished effectiveness of the excitatory synaptic knobs, though the latency 
of their action is within normal limits (Appendix 2, column 5). Brown & 
Pascoe (1954) likewise found that there was a depression of excitatory synaptic 
action on sympathetic ganglion cells that had had their axons severed about 
3 weeks previously. They made the further important observation that on 
presynaptic excitation the output of acetylcholine was undiminished, but that 
the ganglion cells were less sensitive to acetylcholine. It therefore seems likely 
that the diminished EPSP’s of chromatolysed motoneurones are due to a 
diminished effectiveness of the synaptic transmitter, but the testing of this 
postulate must await the identification of tae synaptic transmitter substance. 

There is insufficient evidence with respect to the effectiveness of the in- 
hibitory synaptic knobs, but they appear to resemble the excitatory knobs in 
having a lengthened time of action, as indicated by the longer time to maxi- 
~ mum of both the EPSP (Appendix 2, column 9) and the IPSP produced by 
relatively synchronous synaptic bombardments. — 

Eventually it would be desirable to correlate the functional changes with 
the histological abnormalities of chromatolysed motoneurones. Such a corre- 
lation must await a thorough study of chromatolysed motoneurones by © 
electron microscopy. However, even such refined procedures may fail to reveal 
the changes in micro-structure of the synapses and the various components 
of the motoneurone which are responsible for the disordered functions as out- 
lined above. | 

Normally the specially low threshold of the initial segment of a motoneurone 
ensures that synaptic excitatory action always causes the initiation of an 
impulse there (or at the first node of the myelinated axon) and never pri- — 
- marily in the soma-dendritic membrane (Eccles, 1957; Coombs, Curtis & 
Eccles, 1957a, b). The soma-dendritic membrane functions essentially in 
generating the excitatory and inhibitory synaptic potentials and in — 
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them electrotonically to the initial segment of the motor axon where the 
impulse is initiated. Thus the low threshold of the initial segment relative to 
the soma-dendritic membrane adapts a motoneurone particularly well for its 
function of integrating all its diverse inhibitory and excitatory synaptic 
bombardment, and so acting efficiently as a final common path. On account of 
the change in relative thresholds, the chromatolysed motoneurone is a defec- 
tive integrator, for a partial response can now be generated in a dendrite by a 
special strategic grouping of excitatory synapses (cf. Fig. 110, D). This partial 
response could grow to such a size as to develop a propagated impulse either 
in the dendrite-soma region or in the initial segment of the axon, despite 
powerful inhibitory action elsewhere on that motoneurone. 

Downman et al. (1953) mistakenly postulated that the delayed and prolonged 
reflex discharges evoked by group I afferent volleys were due to the action 
of polysynaptic pathways that had been developed in relationship to the chro- 
matolysed motoneurones. The development of polysynaptic pathways was 
also suggested by the increase in reflex discharges evoked by cutaneous afferent 
volleys that normally operate polysynaptically. Such an increase would now 
also be explicable by the specially excitable patches on the soma-dendritic mem- 
brane. However the possibility of new growth of polysynaptic paths must not 
be excluded, particularly as there is now evidence that this occurs under other 
conditions in the mammalian spinal cord (McCouch, Austin & Liu, 1955). In 
our experiments there has been some evidence for the development of abnormal 
excitatory connexions in two of the three spinal cords that had specially long 
periods of chromatolysis (27 and 44 days). Further investigation is desirable. 


SUMMARY 


1. The responses of chromatolysed motoneurones of cats have been studied 
by intracellular recording from 14 to 44 days after the appropriate ventral 
roots have been severed extradurally; i.e. during a period when the charac- 
teristic histological changes are most prominent. 

2. Chromatolysed motoneurones have not significantly differedfrom normal __ 
motoneurones in respect of resting potential, spike potential or after-potentials. _ 
Also inhibitory synaptic potentials were changed only in respect of a slight __ 
lengthening of rising phase. The principal abnormalities appear in relationto __ 
the potentials which are generated by excitatory synaptic action (the EPSP’s) _ 
and in the manner of initiation of impulses by the motoneurone. . 

3. The monosynaptic EPSP’s are significantly reduced in size and in time _ 
to summit, and superimposed upon them are a variety of hump-like depolari- _ 
zations which are transitional to the generation of full-size impulses with the _ 


discharge of impulses down the motor axons. Hyperpolarization of a moto- . 


neurone reversibly depresses or abolishes these humps, which consequently : 
are attributed either to responses of patches of the soma-dendritic membrane _ 
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or to full-size impulses restricted to remote dendritic areas. The former 
responses show an extreme variability of size and time course, whereas the 
latter are like small spikes and have an all-or-nothing character. 

4. It is inferred that there are abnormally excitable patches of membrane 
on the soma and dendrites, and it is shown that the threshold level of de- 


polarization for spike initiation is abnormally low for the soma-dendritic 
membrane. 


5. Chromatolysed motoneurones are also abnormal in that antidromic 
propagation into the initial segment has a lowered safety factor and its spike 
potential (the IS spike) is small relative to the SD spike. 

6. It is shown that these abnormalities account for the longer latency and 


greatly increased temporal dispersion of the reflex discharge evoked by a 
group I afferent volley. 


7. The unfavourable effect on the integrative function of the motoneurone 
is discussed. 


8. There has been no satisfactory evidence that new polysynaptic pathways 
are formed to chromatolysed motoneurones. 


The authors wish to thank Dr D. R. with the: the 
electrical Properties of the motoneurone membrane. 
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APPENDIX | 
3 5 6 8 9 Min. A, A, interval 
Cell Days potential M interval interval IS/SD SD spike IS 
type chromat. (mV) § (m (msec) (msec) slopes (mV) (mV) (msec) (msec) 
Pl 22 - 60 4:5 0-20 0-14 0-30 18 94 _ _ 
? 22 80 2-6 0-22 0-14 0-30 13. 100 
‘BST 22 - 60 3-3 0-07 0-17 0-28 12 76 — — 
? 22 ~ 75 4-4 0-07 0-18 0:30 16 84 1-5 2-2 
BST 21 - 63 2-4 0-10 0-15 0-34 12 80 2-5 2:5 
FDL 21 - 65 27 0-22 0-14 0-30 ll 76 
FDL 21 ~ 66 2:3 0-30 15 87 2-5 
Pl 20 - 60 2-7 — 0-15 0-23 16 83 55 55 
DP 16 ~ 50 0-17 0-13 0-25 12 77 
Pl 16 — 60 2°5 0-05 0-11 0-30 15 78 15 15 
? 16 ~50 a 0-05 0-10 0-30 13 77 3-7 3-7 
? 16 -52 0-14 0-20 13 76 24-4-9 2-449 
FDL 16 — 3-5 0-11 0-11 0-26 19 88 2-7 2-7 
Pl 14 - 50 — 0-13 0-33 16 83 3-9 3-9 
Pi 14 -70 3-2 0-21 0-13 0-32 17 87 a — 
Gs 14 65 0-15 0-35 15 78 1-4 1-4 
BST 14 0-15 0-40 18 97 BY 
GS 14 60 0-15 0-30 10 73 1-7 
Means — 62 31 0-13 0-14 0-30 145 83 — — 
Throughout appendices: BST = biceps-semit ; FDL=flexor digitorum longus; GS = gastrocnemius- 


soleus; Pl = plantaris; DP =deep peroneal group of muscles. 


1 
Cell 
type 
GS 
BST 
Pl 
BST 
BST 
Pl 
Gs 
DP 
Pl 
FDL 
BST 
Gs 
Pl 
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Gs 
Gs 
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. The times were measured from the entry of the afferent volley into the spinal cord. Column 
9 gives values after the partial responses were suppressed by hyperpolarization. 


APPENDIX 2 
The excitatory post-synaptic potential and the latency of its initiation 


of spikes in chromatolysed motoneurones 


6 7* 8* 
Max Min. Max. Time to 
slo latency latency summit 
EPSP spike spike of EPSP 
{V/sec) (msec) (msec) (msec) 
6 1-4 3-3 1-9 
6 — 4-0 3-1 
9 1-5 2-6 2-4 
9 1-5 5-0 

7 1:3 3-2 26 
1-0 2-0 
8 2-0 7-1 2-1 
2 1:3 5-8 2°25 
2-5 

5-5 1-45 4-0 2. 

3 1-6 8-1. 2- 

7 1-7 3-7 2: 

5 2-3 9-0 3-0 
5 1-75 8-5 2- 

6 1-7 3-1 2- 

5 2-3 3-8 2 
5-5 1-7 


Fp 

2 


| 
3 5 
2 Rest. Latency 
potential EPSP 
c (mV) (msec) 
63 0-6 | 
-70 0:7 
- 60 0-6 
~ 60 0-5 
~ 63 0-6 
60 0-5 
~ 60 0-6 
: 16 ~ 50 0-65 
16 — 60 0-5 
16 0-6 
1 16 ~ 55 0-6 
16 — 55 0-6 
14 ~ 50 0-6 
14 ~ 60 0-6 
14 — 65 0-7 
14 — 60 0-7 
~ 59 0-6 
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APPENDIX 3 
Electrical properties of the surface membrane of chromatolysed motoneurones 


6 7 Memb. 
5 EPSP S 


3 
Rest. 
potential 
(mV) 


trength 
4 Memb. decay latency 
SD _half- 


spike time 
(mV) (msec) (msec 


time 


time ment) 
(msec) 


1-6 


(MQ) 


ment) 


2 
Days 
chromat. (MQ) 

23 60 63 4:8 1-9 — 4 

22 ~ 60 76 2-4 — 1-15 13 — 2 

20 — 60 83 — 3-3 2°5 — 2-0 8 

20 46 67 2-0 2-4 4 

20 ~ 60 88 3-4 4-2 1-7 2-5 2-4 6 

20 ~ 55 63 1-4 2-9 os 23 — 6 

16 ~48 67 1:3 — 0-9 0-8 —_ 5 

16 ~ 1-7 1:3 4 
56 73 23 835 16 5 
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THE RELEASE OF CHEMICAL TRANSMITTER FROM 
THE SYMPATHETIC NERVES OF THE INTESTINE 
OF THE CAT 


By G. L. BROWN, B. N. DAVIES* anv J. 8. GILLESPIE} 
_ From the Department of Physiology, University College London 


(Received 19 February 1958) 


_ In a previous paper (Brown & Gillespie, 1957 ) we have shown that the nor- 


adrenaline released when the sympathetic nerve supply to the spleen is stimu- 
lated can be estimated in the venous blood leaving the organ. The maximum 
output per stimulus occurred at frequencies of 30/sec. Administration to the 
animal of substances blocking the effect of the liberated transmitter on the in- 
nervated cells increased the output of noradrenaline at frequencies below 30/sec. 

These experiments were made on the spleen of the cat because it was the 
only tissue from which we could regularly obtain amounts of transmitter 
sufficient for an adequate assay. From the colon of the cat and the ear of the 
rabbit, for instance, we could obtain either no transmitter at all or amounts at 


the lower limit of detectability. The spleen, however, has certain disadvantages 


as a tissue for these experiments; the circulation of blood through it is complex 
and obscure, stimulation of the nerves causes an expulsion of stored red cells, 
and this effect is absent after a blocking agent has been administered. All 
these factors might influence the appearance of liberated transmitter in a 
venous sample, without necessarily reflecting changes in the amount liberated 
or destroyed in the vicinity of the nerve endings. 

We have accordingly re-investigated the intestines in the light of the 
information we obtained from the spleen. The administration of a sympathetic 
blocking agent has again been found to increase the amounts of transmitter 
detectable in the venous blood. Three substances to which anti-amine oxidase 
activity has been attributed were found to be without effect on the output 
of transmitter. Additional information has been obtained about the factors 
governing the release and appearance of the sympathetic transmitter. 


A preliminary account of these experiments has been published (Brown, 


Davies & Gillespie, 1958). 


* M.R.C. Scholar. 
+ Sharpey Scholar. Present address, Institute of Physiology, ago Vai. 
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METHODS 
The methods in general resemble those previously described in experiments on the spleen (Brown 
& Gillespie, 1957). Cats were anaesthetized with intravenous chloralose 80 mg/kg after pre- 
liminary ethylchloride and ether. The abdomen was opened in the mid line and, in experiments on 
the small intestine, the colon was removed. A sufficient length of the colonic vein where it joins 
the superior mesenteric vein was preserved for subsequent cannulation. The superior mesenteric 
nerves were freed from the artery and tied. Both adrenal glands were removed, and the left or 
both splanchnic nerves were cut. A loose ligature was put round the superior mesenteric vein just 
central to its junction with the colonic vein. At this point the cat was given heparin 1000 i.u./kg 
and the stump of the colonic vein was cannulated with a polythene tube which was inserted 
sufficiently far into the vein for the tip to lie just at the entrance to the superior mesenteric vein. 
In this way the blood supply to the intestines was undisturbed, except during the short period of 
collection when the venous blood was diverted to the cannula by traction on the loose ligature 
round the superior mesenteric vein. In a few cate the colonic vein joins the splenic vein instead of 
the superior mesenteric vein. In these instances the spleen was removed, the colonic vein tied off, 
and the stump of the splenic vein was cannulated in its place. The occlusion ligature was then 
placed at an appropriate position to divert the intestinal blood to the splenic vein, The superior 
mesenteric nerves were now slipped on to shielded platinum electrodes and stimulated with a known 
number of rectangular electrical pulses of 20 V and 0-5 msec duration, so arranged that the cathode 
was peripheral. In the few experiments in which the colon was used, a similar operative technique 
was adopted except that the small intestine was removed, and the polythene cannula was intro- 
duced into the stump of the superior mesenteric vein before it is joined by the colonic vein. In 
this way occlusion of the superior mesenteric vein beyond this junction diverted the venous blood 
from the colon to the collecting cannula. The sympathetic nerves were isolated from the inferior 
mesenteric artery and stimulated. From previous experiments the voltage we used was known to 
be supramaximal for these nerves. The number of stimuli was controlled by a dekatron-operated 
gate. The abdomen was filled with warm liquid paraffin agitated by bubbling through it 95% 
0,+5% 

The venous blood from the cannula was collected during nerve stimulation and for a variable 
time afterwards. The blood was collected in chilled, silicone-coated, calibrated glass centrifuge 
tubes containing solid heparin (5 mg to a 10 ml. tube). The volume of blood was noted, the plasma 
and cells were separated by centrifugation, and the volume of plasma was measured. A sample of 
this plasma was removed, the buffy coat being avoided, and was kept in a polythene tube standing 
in crushed ice until assay. The vasopressor activity was assayed as noradrenaline on the blood 
pressure of the completely pithed rat. The details of this preparation have previously been 
described (Brown & Gillespie, 1957). 

Dibenzyline (x-ph propyl-n-benzyl- 8-chloroethylami Weed 
blocking agent. This substance is insoluble in water or saline but dissolves readily in ethyl alcohol. 
It was given in doses of 10 mg/kg and was first dissolved in 0-5 ml. of pure ethyl alcohol. Immedi- 
ately before injection of the drug into the jugular vein this alcoholic solution was made up to 
5 ml. with normal saline, giving a suspension in 10% alcohol. Such dilution causes the drug to 
come out of solution and form a stable milky suspension. Slow intravenous injection of this 
suspension had no untoward effects. The anti-amine oxidase drugs iproniazid (Marsilid, Roche 
Products, Ltd; isonicotinylsopropyl hydrazine), choline-p-tolyl ether and ps were given 


RESULTS 


Effect of blocking receptors 
Stimulation of the sympathetic nerves to the colon with trains of 200-2000 _ 
shocks at frequencies of 20, 30 and 50/sec never resulted in the appearance of _ 
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transmitter in the venous blood, although the blanching of the organ and 
inhibition of movement revealed the effectiveness of the stimulation. In the 
experiment of Fig. 1 the responses of the rat’s blood pressure to 0-2 ml. plasma 
obtained before and after stimulation were similar to or less than those to 1 ng 
of noradrenaline. After administration to the cat of dibenzyline (10 mg/kg) 
stimulation of the nerves no longer had any visible effect on blood flow and 
little on movements, but transmitter appeared in the venous effluent in 
measurable amounts. The response of the rat’s blood pressure to 0-2 ml. 
plasma obtained after stimulation was now greater than that of 5 ng of 
noradrenaline (Fig. 1). The concentrations of transmitter so obtained were, 
however, too small for satisfactory quantitative experiments, and no further 
observations were made on the colon. 


2 $1 1 $2 5 $3 
Fig. 1. Assay on the B.. of the pithed rat of samples of 0-2 ml. plasma obtained from the colonic vein 
of a cat; effect of dibenzyline on transmitter output. At S 1 response to plasma obtained before, 
and at $2 after, stimulation of the colonic nerves with 200 shocks at 30/sec. At 83 response 
to plasma after similar stimulation but after the cat had received 10 mg/kg dibenzyline intra- 
venously. At 1, 2 and 5 responses to 1, 2 and 5 ng of noradrenaline. Time marker, 30 sec. 


As with the colon, short trains of stimuli never caused the appearance of 
transmitter in detectable amounts in the venous blood from the small in- 
testine, although stimulation of the nerves caused an intense blanching of the 
intestine and ‘a diminution of venous outflow. With numbers of stimuli 
approaching 10,000 at a frequency of 50/sec, amounts of transmitter just 
detectable above the background activity appeared in the venous blood. 

Stimulation of the sympathetic nerves to the small intestine after the 


administration of dibenzyline in doses of 10 mg/kg was regularly followed by 


the appearance in the venous blood of quite large amounts of transmitter, 
although the stimulation had no longer a visible effect on the intestine or 
on the blood flow from the intestine. The injection of dibenzyline did not 
_ affect the resting blood flow. 3 | 

- The effect of dibenzyline on the appearance of transmitter in the venous 
blood from the small intestine after stimulation of its sympathetic nerves is 
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shown in Figs. 2 and 3. In the experiment of Fig. 2 the sympathetic nerves - 
were stimulated with a short train of 200 stimuli. Before dibenzyline was given 
this did not increase the output of transmitter, as shown by the fact that the 
pressor response produced by 0-2 ml. plasma collected after stimulation 
remained as small as that of 0-2 ml. plasma collected before stimulation; but 
after the administration of the dibenzyline the pressor response to 0-2 ml. 
plasma collected after stimulation increased greatly. In the experiment of 
Fig. 3 a train of 500 stimuli was given after the cat had received 10 mg/kg of 
dibenzyline. The stimulation increased the output of the transmitter to such 
an extent that the pressor response obtained with 0-2 ml. plasma corresponded 

now to 18 ng noradrenaline as compared to 2 ng before stimulation. 


$7 $2 $3 $4 


Fig. 2. Assay on the B.P. of the pithed rat of samples of 0-2 ml. Gad pEidicatt from tho eupecior 
mesenteric vein of a cat; effect of dibenzyline on transmitter output. At S1 response to 
plasma obtained before, and at 82 after, stimulation of the superior mesenteric nerves with 
200 shocks at 30/sec. At 83 and 84 responses to plasma after similar periods of stimulation 
but after the cat had received 10 mg/kg dibenzyline intravenously. Time marker, 30 sec. 


$1 2 $2 18 18 
02 02 


Fig. 3. Assay on the B.P. of the pithed rat of samples of 0-2 ml. plasma obtained from the superior 
mesenteric vein of a cat; effect of dibenzyline and iproniazid on the transmitter output. At 
§ 1 response to plasma obtained before stimulation. At S 2 response to plasma after stimulation 
of the superior mesenteric nerves with 500 shocks at 50/sec and after an intravenous injection 
of 10mg/kg dibenzyline. At $3 and S84 responses to plasma after siinilar periods of stimulation 
but after the cat had received in addition 10 mg/kg iproniazid intravenously; $3 obtained 


20 min and 84 40 min after the injection of iproniazid. At 2, ad xcuteplee.gumey home 18 
and 22 ng of noradrenaline. Time marker 30 sec. 
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Effect of inhibitors of amine oxidase. In most experiments iproniazid was 
used, but in a few cats two other substances alleged to be inhibitors of amine 
_ oxidase were tested. They were choline-p-tolyl ether (Brown & Hey, 1956) and 
propamidine. According to von Euler & Hellner-Bjorkman (1955) propami- 
dine alone, of several inhibitors of amine oxidase, slightly increased the 
catechol amine content of the heart. 


All three substances were injected intravenously in amounts of 10 mg/kg. | 


None had any effect upon the output of the transmitter, whether given before 
or after the administration of dibenzyline. Iproniazid and propamidine were 
tested under both conditions on the output of transmitter from the small 
intestine; choline-p-tolyl ether was tested on the output of transmitter from 
the colon without dibenzyline and from the small intestine after dibenzyline. 
Fig. 3 illustrates an experiment in which iproniazid was given after dibenzyline. 
The pressor response of 0-2 ml. plasma (S 2) obtained after stimulation was 
found to have risen after the dibenzyline injection to that of 18 ng nor- 
adrenaline. When the stimulation was then repeated 20 min after the injection 
of iproniazid the pressor responses of 0-2 ml. plasma (8 3) again corresponded 
to 18 ng noradrenaline and the same result was obtained when stimulation 
was repeated 40 min after the injection. As shown in Fig. 3, the pressor 
response of 0-2 ml. plasma (S 4) obtained at this time after stimulation was 
obviously less than that of 22 ng adrenaline; it was assayed as 18 ng. 
‘  Propamidine was not suitable for these experiments since it caused a pro- 
found and long lasting fall of arterial blood pressure through its effect as a 
_ histamine liberator. Under these conditions the blood in the general cir- 
culation acquires pressor activity (see page 50) which makes the assay of 
transmitter in the plasma extremely difficult. 

Time course of output of transmitter. In our previous experiments on the 
spleen 80-90% of the total output of transmitter was found to occur within 
20 sec of the end of stimulation. This is not so with the small intestine where 
- the output is more delayed. This is shown in Fig. 4 which illustrates the time 
course of transmitter with two frequencies of stimulation. The full time course 
of the output of transmitter from the intestine at one frequency of stimulation 
is shown in Fig. 5. A striking feature of all these experiments is the high plasma 
concentration and the high total output of transmitter in the period immediately 
after the end of stimulation. There are two possible explanations of this: 
either the liberation of transmitter continues beyond the end of stimulation 
_ or the passage of the transmitter from its site of liberation to the blood stream 
is slow. To test this point, we continued stimulation and collection until a 
plateau of output was reached. Fig. 6 shows the results of two experiments in 
_ which the output in successive samples was assayed during prolonged stimula- 


tion at frequencies of 5 and 50/sec. These experiments gave no evidence of — 


after-discharge of transmitter; once a plateau had been reached, the output 
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10/sec 


20. 40 60 80 100 120 140 160 OF 20 40 60 
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Fig. 4. Histogram of the output with time of transmitter in the venous blood from the small 
intestine of a cat previously treated with dibenzyline. The superior mesenteric nerves were 
stimulated a frequency of 10/sec aad during the periods shown by the solid rectangle 
on the time scales, 


90 


400 stimuli at 10/sec 
Output/stim. 675 pg 


60 80 100 120 140 160 180 220 240 280 300 
Time (sec) 
Fig. 5. Histogram of the complete output of transmitter in the venous blood from the small 


intestine of the cat after stimulation of the superior mesenteric nerves at 10/sec. —— 
had previously been given. 
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began to fall as soon as the stimulation was stopped, The experiments showed 
further that there was an inverse relationship between frequency of stimulation 


and the time taken for the output of transmitter to reach a plateau. 


Once a Plateau of output had been reached it could be assumed that the 
rate of output in the venous blood equalled the rate of liberation of transmitter 
at the nerve endings, and this was confirmed by calculations of output per 


50 
| 
40 a 


50/sec 


0 20 40 60 8 100 120 140 
Time (sec) 


Fig. 6. Histogram of the output of transmitter in the venous blood from the small intestine of 
the cat during a long period of stimulation of the nerves. The superior mesenteric nerves were 
stimulated at 5/sec and 50/sec for the periods shown as solid rectangles on the time scales. 


stimulus, For instance, in Fig. 6 (b) the output per stimulus calculated from — 
_ the total amount of transmitter collected throughout the experiment was 
295 pg. As can be seen from the graph, the output per stimulus calculated 
from any one period of 20 sec collection at the plateau is 280 pg, a figure well 
within the experimental error. This observation suggested a method whereby 
we might be able to assess the output per stimulus at different frequencies and 
still avoid excessive bleeding. The slow removal from the tissues of the 
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liberated transmitter compelled us to employ a long period of blood collection 
if the total output of transmitter was to be determined directly. This reduced 
the concentration. of transmitter in the plasma so that the study of low fre- 
quencies, where the concentration in any event was low, was made impossible 
and it also restricted observations to one or two from each cat. If bleeding 
could be confined to a period of 20 sec once equilibrium between liberation and 
output in the venous blood had been reached then these difficulties would have 
been overcome. Preliminary experiments had shown that at all frequencies 
between 5 and 50/sec equilibrium was reached within 100 sec of the beginning 
of stimulation. Consequently the nerves were stimulated for this period before 
the collection of a sample, and stimulation was continued for the duration of 
collection, usually a further 20 sec. These experiments were unsatisfactory 
for two reasons. First and most important was that repeated, ‘prolonged 
periods of stimulation led to a decline in output in successive periods; this 
decline in output is considered more fully in the next section. Secondly, if the 
output of transmitter is high then the pressor activity of the blood in the 
general circulation may be raised considerably during the first 100 sec of 
stimulation and venous blood from any source may contain noradrenaline. 
Although these experiments failed to provide the detailed information we 
sought on the relation between frequency of stimulation and output per stimulus 


such as we had previously obtained from the spleen, we were able to extract 


some information on the effects of frequency of stimulation from them and 
from other experiments in which short trains of stimuli had been used, and the 
total output had been collected in the venous blood. In the spleen the output _ 
per stimulus begins to fall at frequencies above about 30/sec but this fall — 
is not initially proportional to the rise in frequency so that the rate of output 
of transmitter continues to rise to reach a plateau between 50 and 200/sec. 
The incomplete figures we have obtained from the intestine show that the 
maximum output per second is reached at 30/sec (Fig 7). 


Effect of repeated, prolonged stimulation | 

In the previous section we have described experiments in which the nerves _ 
were stimulated at 50/sec for 2 min and blood was collected during the last _ 
20 sec of stimulation. If such periods of stimulation were repeated at 10 min _ 
intervals then the plasma concentration and total output of transmitter at the _ 
end of each declined progressively until a low level of output, usually about 
20% of the original, was reached from which there was no further decline. If 
the interval between periods of stimulation was then increased to 3 hr the — 
original plasma concentration of the transmitter was again obtained but the 
total output was only partially restored. This incomplete restoration of _ 
transmitter output is probably due to the fact that in 3hr the general con- _ 
dition of the animal had deteriorated and the blood flow was reduced. It was _ 
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Fig. 7. Graph of the output of transmitter in the venous blood ‘per second (a) and per stimulus (6) 
from the spleen (@) and from the intestines ( x ) of the cat at different frequencies of stimula. 
_ tion, The values for the intestine are from experiments in which dibenzyline was used. 
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Fig. 8. Histogram showing plasma concentration and total output of transmitter from thé small 
intestine. The superior mesenteric nerves were stimulated at 50/sec for 2 min periods and 
samples of venous blood taken in the last 20sec of stimulation. Between 82, 3, 4 and 5 
intervals of 10 min were allowed; between S5 and S6 the interval was increased to 3 hr. 


previously shown that variations in blood flow affect the total output of 
transmitter (Brown & Gillespie, 1957). In some similar experiments in which 
the rest period after several periods of stimulation was increased from 10 min 
to 1-5 hr, restoration both of the total output of transmitter and of its plasma 
concentration amounted to about 50% of the initial values only. 
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Sources of transmitter other than the intestine 
Possible errors, produced by the liberation of vasoactive substances from 
sites other than the intestine and their transport in the arterial blood to this 
region, can be detected by taking a sample of arterial blood from the carotid 
artery and assaying its vasopressor activity. The most obvious source is the 
adrenal glands. With the adrenals present relatively slight haemorrhage was 


100}- 
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Fig. 9. Histogram of the output of transmitter in the venous blood from the small intestine 


showing the secondary rise after prolonged bleeding when the adrenals are still present. The 


period of stimulation of the superior mesenteric nerves at 10/sec is shown as a black rectangle. 


sufficient to cause a rise in the vasopressor activity of blood from the carotid 
artery, presumably through reflex secretion from the glands. One experiment 
on the time course of the output of transmitter in the venous blood shows this _ 
clearly (Fig. 9). Three minutes after the end of nerve stimulation the output of 


transmitter in the blood had almost ceased, and an interval of 5min was 


allowed in the hope of getting a return to the base line, but in fact the activity 
of the plasma had then risen considerably. A further interval of 20 min was — 
allowed and two samples were taken, one from the carotid artery and one from 


_ the superior mesenteric vein. The activity of the venous blood from the 


intestine showed a further increase, but the activity in the blood from the 
carotid artery was a little higher; far from the intestines contributing trans- — 
mitter to the blood, at this time they were actually removing the vasopressor _ 
substance. This experiment, repeated with the adrenals removed, is illustrated — 
in Fig. 5; there was no rise in activity in the arterial blood. 
With the adrenals removed there was usually little or no rise in the back- 
ground activity of the plasma as the experiment progressed, but in a few — 
experiments the activity of the carotid blood rose. The experiments were 
those in which the cat had lost a large amount of blood or in which the pre- _ 
liminary operative procedures were prolonged and accompanied by bleeding. — 
High levels of vasopressor activity, up to an equivalent of 90 ng/ml. of nor- — 
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adrenaline, were found. This activity was almost certainly due to noradrenaline 
or adrenaline. The appearance of the response in the assay on the rat blood 
pressure was identical with that to noradrenaline, and both responses were 
antagonized by giving dibenzyline to the rat. It seems likely that the origin 
of the pressor substances after adrenalectomy is to be sought in discharges in 
the sympathetic system which occurs when the blood pressure remains low 
for some time. In the absence of a blocking agent like dibenzyline the rise in 
the pressor substances in the blood does not occur, and this may explain why 
sympathetic nervous discharges have not previously been regarded as a 
possible source of considerable quantities of circulating pressor amines. 

The discharge of the adrenals with low blood pressure is probably the result 
of medullary reflexes and occurs with relatively trivial falls of pressure. The 
liberation of pressor substances, when the adrenals have been removed, only 
occurs with much more drastic falls of blood pressure, and it happens even 
when the participation of medullary reflexes has been excluded. In one 
experiment, for instance, a sample of blood from the carotid artery was first 
removed and its activity was assayed against noradrenaline; the cord was 
then cut at the level of T 1. This itself caused a fall in blood pressure, and 
assay of a second sample of carotid blood some 20 min after the section re- 
vealed a slight rise in pressor activity. The animal was then bled in the course 
of the experiment, and a final sample of carotid blood was found to have an 
activity of 75 ng/ml., a figure some five times the initial level. Spinal tran- 
section therefore did not prevent the rise in activity. 

_ It seemed probable that the rise in the pressor activity of the blood could 
be attributed to the discharge of spinal sympathetic centres, and that the 
liberation of transmitter might be prevented by giving a ganglion-blocking 
agent such as hexamethonium. This was done in a number of experiments, and 
the rise of background activity was largely suppressed, but it so happened that 
the outputs of noradrenaline from the intestine were also unusually low. We 
were led to suspect that hexamethonium might be hindering the liberation of 
_ noradrenaline either by a direct action or because there was a high proportion 
of preganglionic fibres in the segment of nerve that was stimulated. Experi- 
ments to test this point directly showed that this was not so, and that the 
amount of transmitter appearing in the venous blood was not affected by 
doses of hexamethonium sufficient to cause ganglionic block during a period 
of stimulation of the post-ganglionic sympathetic supply to the intestine. 
Another possible source of interference rather than error is the liberation of 
vasoactive substances from the blood itself, either within the circulation or 
_ after collection. These include slow pressor substances, presumably derived 
from the plasma proteins, as well as 5-hydroxytryptamine from disintegrating 
platelets. Some precautions to prevent their appearance have been described 


in Methods. The response of the blood pressure of the rat to these —— 
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is unlike that to noradrenaline. Usually it is much slower, and the sensitivity 
of the rat’s blood pressure to those such as 5-HT which can produce a fairly 
rapid rise is about one hundred times less than to noradrenaline, so that they 
are unlikely to be an important source of error. 


DISCUSSION 


Our experiments on the intestine have confirmed and sieonatbeeed the con- 
clusions we drew previously from experiments on the spleen, Administration 
of the blocking agent, dibenzyline, causes the appearance in the venous blood 
of considerable amounts of noradrenaline when the nerves are stimulated, 
whereas before its administration little or none can be detected. We are 
confronted with one difficulty in the interpretation of this result, that is, to 
what extent changes in blood flow after giving the blocking agent are re- 
sponsible for the increasé¢ in the output of transmitter. In the account of our 
experiments on the spleen we pointed out that the administration of diben- 
zyline profoundly changed the response of the spleen to stimulation of its 
nerves; before it, stimulation of the nerves caused contraction of the splenic 
capsule and, subsequently, a considerable vasoconstriction ; after it, neither of 
these effects was observed. In the intestine, stimulation of the sympathetic 
nerves causes intense vasoconstriction and inhibition of movements. After 
dibenzyline no obvious vascular changes follow stimulation of the nerves. 
The amount of noradrenaline appearing in splenic venous blood after nerve 
stimulation is greatly influenced by. the amount of blood flowing through the 
tissue, particularly by low blood flow, and the same relation probably applies 
to the intestine. It does, however, appear unlikely that the effects of diben- 
zyline, in tissues as different in organization as the spleen and the intestine, 
could be accountable for only on the grounds of changes in the pattern of 
blood flow through them. We are driven to the conclusion then that the pre- _ 
dominant factor in the removal of liberated sympathin is its combination with — 
the receptors of the tissues that it acts upon. : 

In the intestine, asin the spleen, iproniazid (Marsilid), an anti-amine oxidase, 
has been without effect and so have two other substances which act as anti- 
amine oxidases, choline-p-tolyl ether and propamidine. These substances were 
chosen because of their apparent potency and because others like ephedrine _ 
which have an affinity for the same receptors as the transmitter could not — 
be used as they might act in the same way as dibenzyline, The ability of — 
iproniazid to penetrate cells has been questioned by Udenfriend, Weissbach _ 


& Bogdanski (1957), who attribute to this property their failure to demonstrate 2 


any activity of this substance in vivo, although Koelle & Valk (1954) and Corne _ 
& Graham (1957) did obtain evidence of its power to penetrate cells. Itseems _ 
unlikely that both choline-p-tolyl ether and propamidine should be ineffective _ 

for the same reason, and this applies with particular force to propamidine which _ 


f 
~ "4 


NORADRENALINE FROM INTESTINES 53 


is a powerful liberator of histamine and probably acts, therefore, within the 
cell. 

Our experiments could be interpreted as suggesting that the destruction of 
transmitter is a process taking place within the effector cell, but that a 
necessary prelude to the penetration of the cell is the combination of the 
transmitter with the cellular receptors. The inactivating agent within the cell 
could be amine oxidase, but‘in that event none of the inhibitors we have used 
can penetrate tissue cells. 

In the experiments on the intestine described here, the transmitter appearing 
in the venous effluent has been assayed in terms of noradrenaline, and all the 
assays indicate that we were in fact dealing with this substance. Such infor- 
mation as is available suggests that from the intestine, as compared with the 
spleen, much more adrenaline may appear. Mann & West (1951), for instance, 
give figures which suggest that up to 25% of the transmitter liberated by 
the intestinal sympathetic nerves may be adrenaline. The relatively low 
concentrations of transmitter that we obtained did not appear to justify the 
laborious chromatographic procedures necessary to separate and assay the 
adrenaline in our venous samples, and our previous experiments on the spleen 
gave no encouragement to the idea that changes in the total assayable pressor 
substances in the venous effluent were associated with — in the ratio of 
noradrenaline to adrenaline. 

We have no evidence about the source of the transmitter we have aie. 
Some must, of course, come from the nerve endings in the blood vessels of the 
intestine, but the volume of innervated intestinal muscle must so greatly 
exceed that of the vascular muscle that the great bulk of the output must 
come from the inhibitory nerves of the intestinal muscle. One of the differences 
between the spleen and the intestine is the slowness with which the liberated 
transmitter reaches the blood stream in the intestine. This would support the 
idea that the main source of the transmitter is extravascular, and that 
diffusion of transmitter has to take place over considerable distances. In the 
spleen, untreated with dibenzyline, low rates of blood flow are associated with 
low outputs of transmitter in the venous blood. Stimulation of the sympathetic 
nerves to the intestine reduces the blood flow greatly and stops intestinal 
movement. If the bulk of the transmitter we collect comes from the intestinal 
musele, it is not surprising that it is so difficult to recover transmitter from the 
venous blood. What is liberated must be exposed to prolonged contact a 
cells with avid receptors for it. 


SUMMARY 
1. The output of chemical transmitter in the venous blood from the colon 
and small intestine of the cat after electrical stimulation of the inferior and 
mesenteric nerves has been studied. 
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2. In the absence of a blocking agent no transmitter could be detected in 
the venous blood from the colon; in the small intestine small amounts were 
found only after prolonged stimulation. If the nerves were stimulated after 
the adrenergic blocking agent dibenzyline had been given, comparatively large 
amounts of transmitter appeared from both colon and small intestine. 

8. Three anti-amine oxidase drugs, iproniazid, choline-p-tolyl ether and 
propamidine, had no effect on the output of transmitter whether given before 


or after dibenzyline. 


4. These results suggest that the chemical transmitter liberated at sympa- 
thetic nerve endings is inactivated after its combination with the tissue 
receptors. If the receptors are blocked the transmitter is protected and then 
appears in greater amounts in the venous blood. We have found no evidence 
that amine oxidase plays a significant part in this destruction. 

5. The removal by the blood stream of the transmitter liberated from the in- 
testine is slow compared with the removal from the spleen. This increase in the 
time available for destruction may explain the difficulty in demonstrating trans- 
mitter in the venous blood from the intestine in the absence of a blocking agent. 

6. Repeated periods of nerve stimulation lead to a diminution in output 


of transmitter. This decline is reversible if the interval between periods of 


stimulation is increased to 3 hr. 
7. Attention is drawn to sources of error, particularly to the possibility 
that the sympathetic endings may liberate sufficient transmitter to cause a 


_ substantial rise in the pressor activity of the blood of the general circulation 


when the destruction of transmitter has been prevented. 
investigations was met by a grant from the Medical Research Council. 
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THE EFFECT OF PERIPHERAL NERVE BLOCK ON 
THE APPRECIATION AND EXECUTION OF 
~~ ‘FINGER MOVEMENTS 


By K. A. PROVINS 
From the Medical Research Council Unit for Research on Climate and Working 
Efficiency, Department of Human Anatomy, University of Oxford 


(Recevved 27 February 1958) 


In a previous experiment (Provins, 1957), the accuracy of reproducing a par- 
ticular pressure against the free end of a spring-steel bar by an attempted 
flexion movement of the index finger was tested with and without the finger 
anaesthetized. It was found that anaesthetizing the finger distal to the meta- 


carpophalangeal joint reduced the accuracy of performance at a slow rate of 


application to about the same level as that recorded at the highest rate of 
application of pressure possible. This lack of any significant difference between 
the two rates of application in the anaesthetized condition was considered to 
be due to the subjects’ inability to monitor their responses by kinaesthetic 
feed-back; at the maximum rate of application of pressure because there was 
no time in which to make a correction and at the slower rate used because no 
adequate sensation was aroused, As the nerve block could not have interfered 
with afferent impulses from receptors in the muscles and tendons employed, 
the evidence suggests that at the gradual rate of application, either (i) afferent 
impulses from these receptors do not normally reach consciousness, or (ii) the 
amount of sensory information derived from the unanaesthetized structures 
was insufficient to allow successful monitoring of the performance. 

Both hypotheses are somewhat difficult to reconcile with the view recently 
expressed by Browne, Lee & Ring (1954) that while the appreciation of passive 
limb movement is dependent on receptors in the region of the joint capsule, 


information concerning active movement is derived in addition from the — 


muscles and tendons. In nine subjects these authors infiltrated the whole of 
the capsule and pericapsular tissue of the metatarsophalangeal joint of the 
big toe with 8-12 ml. of 1% procaine solution, and showed that the apprecia- 
tion of passive movement of the toe was considerably impaired. On the other 
hand, they found that subjects who recorded a very high threshold to passive 


movemen. in the unanaesthetized condition ‘were immediately brought within 
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the normal range when allowed to tense their muscles’, and suggested that 
appreciation of passive movement of the joint should therefore be distinguished 
from appreciation of active movement or of limb position with the muscles 
tensed. They proposed that: ‘Corresponding with these two types of sensation, 
two sensory mechanisms appear to be involved. Passive movement is appre- 
ciated as a result of alterations in tension of the joint capsule, whereas active 
movement would appear in addition to be indicated by impulses from muscles 
and tendons.’ 

But this conclusion does not necessarily follow. To be sure that the threshold 
for appreciation of active and passive movements is based on different sensory 
sources, it is necessary to show that the source of information for the threshold 
appreciation of passive movement is not the source of information for active 
movement or of limb position with the muscles tensed. 

Consequently, the first part of the present series of experiments was planned 
to provide evidence on this particular point by recording the effect of blocking 
sensory information from the metacarpophalangeal joint and skin of the index 
finger (right hand) on the appreciation of joint movement both with and 
without voluntary tensing of the muscles. 

Asa check on the effect of the blocking agent (Xylocaine; Duncan, Flockhart, 
lignocaine) on the ability to exert the requisite degree of muscle tension in the 
first experimental series, the accuracy of maintaining a steady isometric muscle 
contraction was tested in both the anaesthetized and control conditions. _ 

Thirdly, the maximum rate of making alternate contractions of the flexors 
and extensors of the finger was also tested under both anaesthetized and 
control conditions, to determine the effect of reduced sensory information from 
the limb on the ability to make rapid serial movements. 


METHODS 


_ Apparatus. The apparatus employed to determine the threshold to passive movement of the 
finger was very similar to that used by Browne et al. (1954), and a general view of the arrangement 
is shown in Fig. 1. It comprised, basically, a ‘Unicam’ kymograph driven by a constant-speed, 
almost silent, electric (gramophone) motor. A pen marker, operated by a simple reaction-time key, 
was adjusted to write on paper fixed to the kymograph drum. The whole kymograph was mounted 
on a rubber sheet (2-5 cm thick) placed on the table in front of the subject. A sheet of plain white 
cardboard placed between the subject and the kymograph effectively prevented him from gaining 

any visual cue concerning the movement of the spindle or drum. A simple mechanical clutch on 
the kymograph was used to start and stop the spindle turning, and this was practically silent in 
operation. However, to ensure that the subject gained no auditory cue concerning this operation, 
a masking noise of 50 c/s was fed into the earphones worn by the subject during the whole of each 
run of the experiment. Preliminary tests on three subjects confirmed that, with these precautions, 
no indication of the operation of the kymograph could be gained from extraneous sources. The 
speed of rotation of the kymograph was 37-8°/min (+0-6%) over all conditions from no load to 
50 g wt. attached at an effective (drum) radius of 7-6 cm. 

The apparatus used for recording the accuracy of maintained pressure and of speed of oscillation 
of the finger was essentially the same as previously described (Provins, 1958). This time the 
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subject's performance was recorded by photographing the trace produced on a Cossor type 1049 
oscilloscope, while a monitor oscilloscope provided a visual display for the subject to check the 
amplitude of his applied force. In each case the amplitude of the beam deflexion was directly 
proportional to the force applied, and the visual display was always set to the same calibration 
as that for the recording oscilloscope. A translucent strip 10 mm wide was fixed to the middle of 
the face of the subject’s oscilloscope and two horizontal lines 25 mm apart (12-5 mm on each side 
of the centre of the translucent strip) were also marked on the tube face. 


4 
", 


Fig. 1. ‘Passive’ movement apparatus. The recording drum and the clamp gripping 
the index finger rotate about the axis of the metacarpophal 1 joint, 


Twelve subjects (ten medical students, one other undergraduate and one technician) attended 
for two sessions which were identical except that in one of them, the right hand was injected with 
10-20 ml. of Xylocaine 2% (w/v) with 1/200,000 adrenaline. Skin punctures were made 2-3 cm 
proximal to the metacarpophalangeal joint of the index finger and approximately 2 ml. of the 
anaesthetic dispersed subcutaneously on either side of the second metacarpal. Approximately 
5 ml. of the anaesthetic was then widely infiltrated deep to either side of the second metacarpal. 
Sensibility to touch, prick, pressure and limited movement of the finger was tested some 15-20 min 
later and if there was any residual sensation, a further injection of Xylocaine up to a maximum 
of 20 ml. was given as necessary (in only two cases was the maximum quantity administered). 

Each session was divided into three test series, one concerning passive movement of the finger 
and the others concerning speed or accuracy of attempted finger movement using the strain-gauge 
apparatus. Half the subjects attended for the anaesthetized session first, while the other half did 
the control tests first; half of each group being subjected to the passive movement series first in 
each session while the others always completed the strain-gauge tests first. 

At the end of the experiment, two other subjects completed the tests of speed of finger oscillation 
and maintained pressure in two sessions similar to those just described, except that, in one session, 
instead of infiltrating with Xylocaine, 15 ml. of a solution of sodium chloride 0-9% (w/v) was 
injected using the same procedure. The two subjects completed the series of tests in the reverse 
order to one another. — 
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Series 1. In the passive movement series, the subject sat in a comfortably upright posture and 
rested his right hand and forearm in an almost out-stretched position on a firm horizontal support 
at about the kymograph spindle height (12 om above the table top). The hand was then brought 
into juxtaposition with the kymograph spindle so that the metacarpophalangeal joint of the index 
finger was centrally placed relative to the spindle and about 1 cm from the end of it. The index 
finger was then placed between two foam rubber pads and firmly held by the clamp over the 
proximal interphalangeal joint. The position of the finger in the clamp was at an angle of 30° 
below the horizontal, which was standardized for all subjects as being a comfortably relaxed 
posture well within the normal range of movement of the joint. The other fingers of the right hand 
were lapped over the end of the horizontal support for the hand and gently held in position by 
“Sellotape’ (Adhesive Tapes Ltd.) to prevent any possibility of fouling the free movement of the 
index finger. 

The subject was told that the main purpose of this experiment was to determine the threshold 
to ‘passive’ movement of the index finger and the general procedure would be as follows. First 
of all, he would be instructed to ‘make a mark’, which meant he was to press the reaction-time 
key to make a mark on the kymograph recording paper, indicating the beginning of the ‘trial’. 
This instruction also warned the subject that the ‘trial’ was starting and that at any time after 
this, the clutch would be operated and his finger would start to turn. He was told that the direction 
of rotation would always be downwards (i.e. flexion of the joint) and that as soon as he recognized 
that his finger was moving or had moved, he must press the reaction-time key again. The distance 
between the two marks on the recording drum would then indicate his threshold to movement in 
terms of angular displacement of the joint. However, he was asked not to respond unless he was 
absolutely sure that he recognized finger movement, as false responses would be used as a measure 
of the reliability of his results. He was told that no indication of the beginning of finger movement | 
could be obtained from the time interval between the initial warning to ‘make a mark’ and the 
operation of the clutch, as this would vary from trial to trial and sometimes would be as little as 
0 sec or as much as a minute or more. In fact, this interval was varied from 0 to 45 sec using 
numbers taken from Fisher & Yates (1953) tables of random numbers. 

At the beginning of the first session, two or three practice ‘trials’ were given to familiarize the 
subject with the experimental procedure before starting to record. At the beginning of the second 
session, one preliminary trial was sufficient. After each ‘trial’, the finger was returned to its 
original position which was marked by a stop on the spindle. Ten such ‘trials’ were recorded in 
one ‘run’, the experimental series comprising three runs per session, each run investigating a 
different condition. The three conditions used were (a) relaxed, (b) attempted extension, and 
(c) attempted flexion. In condition (a), the subject was instructed to relax the fingers and hand 
of the right arm completely, whereas in conditions (b) and (c) the subject was instructed to resist 
or assist the spindle movement by contracting the extensors or flexors of the finger. In these last 
two conditions, the subject was told to exert a finger pressure equivalent to an applied force at 
the distal phalanx of about 25-50 g wt. All subjects were given a preliminary test of applied force 
with the finger to ensure that they were aware of what was required. In the runs employing 
voluntary tensing of the muscles, the subject was instructed to exert the required force at the 
warning ‘make a mark’ and to try to maintain this force until he had made his second mark, or 
until the trial had been terminated by the experimenter, then to relax until the beginning of the 
next trial, Trials varied in duration with the experimental conditions, but about 15 sec rest was 
given between trials, and at the end of each run the subject was allowed to remove his headphones ~ 
and have a longer rest of a few minutes duration. At no time was the subject allowed to move 
his right hand from the beginning of the first run until the end of the third run, neither was he 
given any knowledge of his results. The order in which the subjects completed the three runs was 
systematically varied so that two subjects each used one of the six possible orders of the three 

Series 2. The test of accuracy of maintaining a particular pressure with the finger was devised 
primarily as a control for the ‘passive’ movement experiment. As it was not possible to tell 
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directly if the subject was, in fact, maintaining the appropriate degree of applied force in the two 
muscle tension runs, some check on the subject’s performance in this respect was considered 
essential. 3 

For this series of tests the subject sat in a comfortably upright posture with his right forearm 
resting on the padded chair arm and his hand lightly gripping a rigid vertical handle. His forearm 
was strapped to the chair arm and his hand kept firmly applied to the handle by two bands of 
‘Sellotape’ running over a layer of cotton-wool across the dorsum of the hand proximal to the 
metacarpophalangeal joints. 

The subject was told to relax his hand and fingers while the apparatus was adjusted so that the 
brass disk (radius 0-63 cm) of the strain-gauge was not quite touching his index finger. It was 


explained that the deflexion of the spot on the oscilloscope was directly proportional to the force 


applied to the brass disk and that he was required to move the spot from one horizontal line to the 
other (25 mm away) and to hold it there as accurately as possible for a period of 30 sec. He was 
instructed to try to restrict the attempted finger movement to the metacarpophalangeal joint. 

Two calibration values were used (25 and 50 g wt. to produce 25 mm deflexion of the oscillo- 
scope spot), and each subject was tested at each value in attempted flexion and attempted 
extension of the finger, both with his eyes open and closed. Tests made with the eyes closed were 
started by the subject visually checking the position of the spot then closing his eyes just before 
starting to record, on instructions from the experimenter. Tests of attempted flexion were made 
using an area on the palmar aspect of the distal phalanx and of attempted extension using an area 
on the dorsal aspect of the distal interphalangeal joint. 

The order in which each subject completed the series of conditions differed for each subject 
according to a pre-arranged experimental design, to eliminate as far as possible any cumulative 
effects due to training or fatigue. 


Series 3. Tests of the speed of finger oscillation were made with the subject sitting in the same 


posture as for the maintained pressure series except that, in this instance, the distal phalanx of his 
index finger was strapped to the brass disk with ‘Sellotape’. 

The subject was told that speed of movement was the criterion of performance in this series 
of tests, but that the minimum amplitude of his oscillation was marked on the oscilloscope by the 
translucent strip. He was asked always to exceed the limits of this strip in both directions and to 
try to achieve approximately 25 mm deflexion of the spot but not to pay attention to the amplitude 
at the expense of speed of movement. The subject was instructed to restrict attempted movement 
to the finger and to try to make the oscillation from the meta hal al joint. 


Two calibration values (25 and 50g wt. to produce a 25mm deflexion of the oscilloscope — 


spot) were used and tests of speed of finger oscillation, both with the eyes open and closed, were 
made by each subject at each calibration value. For each condition the subject was instructed to 
begin a few seconds before starting to record and for the ‘eyes-closed’ run he was told to close his 


eyes ‘now’ at the same time as the recording camera was switched on. The test was made over 


& 10 sec period and about 15 sec rest allowed between each run. 

The order in which each subject was tested on the speed series was systematically varied so 
that half the subjects completed the runs at the heavier calibration first and half completed the 
lighter calibration runs first. Half of each group were first tested on the ‘eyes-closed’ runs while 
the other six subjects used the reverse order. 


RESULTS 

Series 1. The kymograph record taken during each session for each subject 

in the ‘passive’ movement experiment was analysed by measuring the interval — 
between the two pen marks indicating the beginning and end of each trial, and 

calculating the mean value for each of the three runs. The average interval 

for the twelve subjects in each run of the two sessions was then obtained and 
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converted to angular rotation of the drum (equivalent to the angular movement 
of the joint) and these values are given in Table 1. The paired means for the 
twelve subjects for corresponding runs in the anaesthetized and control 
sessions were tested by ¢ test and the results are included in Table 1. 


Taste 1. The effect of anaesthetizing the meta langeal joint of the index finger on the 
threshold to spreteme of movement of the joint. egrets of 12 subjects given in degrees 
of are) 


between sessions 
Control Anaesthetized — A 
Mean 8.D. 8.B.* (P) 
Relaxed 610 2-89 15°56 =: 10-57 3-67 <0-01 
Flexed 5:47. 3-09 1553 950 3-47 <0-01 
Extended 420 2-12 15°17 6-29 2-84 <0-001 


Taste 2, The effect of muscle tension on the threshold to appreciation of movement of the index 
finger at the metacarpophalangeal joint. (Results of comparing paired means of twelve 
subjects by ¢ test) 


Relaxed—flexed Flexed-extended Relaxed—extended 


Control 8.B.* = 1-48 8.B.* = 1-36 = 1:26 
P>0°5 P>0-2 P>0-05 
Anaesthetized _ 5. =3-50 8.B.* =3-48 8.B.* =4-25 


P>0-9 P>0-8 P>0-9 
* =standard error of the mean difference. 


It will be seen that there is a highly significant difference in the threshold 
‘to ‘passive’ movement between the two sessions in favour of the control — 
condition irrespective of the ‘run’ considered. The standard deviation givesan _ 
indication of the differences between subjects in each instance. 
_ The differences in mean threshold value between the different runs within 
a session are small, particularly in the anaesthetized condition. Comparisons 
between the various runs using the paired means of the twelve subjects were 
made by ¢ test and the results are given in Table 2. None of these is statistically 
significant, although the comparison between the ‘relaxed’ and ‘extended’ 
conditions in the control session nearly reaches significance at the 5% level. 
In other words, the anaesthetic caused a considerable impairment of the 
appreciation of ‘passive’ movement in did not have a more marked effect 
on one run than another. 

Series 2. The results for the ‘maintained pressure’ series were analysed by 
dividing up the 30 sec period of each trial into 10 equal intervals and measuring 
the amount of the beam or trace deflexion from the base line at the end of 
each successive 3 sec period. Using the mean value for the ‘vision’ or ‘eyes 
open’ run in each instance as indicating the target value for a particular 
subject, the difference between the target value and the actual deflexion 
achieved at each of the ten points in the corresponding “no vision’ run was 
calculated and the mean deviation obtained for each subject in each condition. __ 
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There was @ general tendency for the error of application of pressure to increase 
gradually during the 30 sec period, which was usually (but not always) more 
pronounced in the anaesthetized condition. In six of the forty-eight runs 
examined (two in flexion, 25 g; one in flexion, 50 g; one in extension, 25 g; 
two in extension, 50 g), a change in beam deflexion of 9 mm or more over a 3sec 
period was recorded, and these runs were therefore eliminated from further 
analysis. A comparison between the mean deviations for the remaining runs 
recorded in the anaesthetized and control sessions in each condition was made 
by ¢ test and the results shown in Table 3. It will be seen that the average 
error in the anaesthetized condition is significantly greater in three of the four 
comparisons although the difference in each instance is small. | 


TaB_E 3. The effect of local anaesthetic on the errors produced in attempting 
to maintain a particular finger pressure with the eyes closed 


M.D. F ratio 
(mm) 8.E. (A>C) V (A/C) 
Extension 25g _ Control (C) 400 231 )\ 7-87 
(n =99) 0-36 <0-001 (n=99) 1-49* 
Anaesth.(A) 548 3-04 (n =99) 11-69 
(n=99) (n =99) 
Extension 50g Control 213 112 1-79 
(n =90) 0-25 <0-001 (n=90) 3-26t 
Anaesth. &38 218 (n =90) 5-82 
(n =90) | (n=90) 
Flexion 25 g Control 5-02 
(n=90) 0-31 (n =90) 1-23 
Anaesth. 432 2-21 (n=90) (C>A) 6-15 
(n=90) (n =90) 
Flexion 50 g Control 3:82 1-62 3-13 
| (n =99) 0-25 <0-001 (n=99) 1-77} 
Anaesth. 539 2-06 (n =99) 5-53 
(n =99) (n =99) 


means; P=probability; V =variance (variation about mean pressure applied); »=number of 
degrees of freedom; * =significant at 5% level, ¢ =significant at 1% level, { =significant at 
0-1% level. | | 
The difference between the target value and the actual beam deflexion at 
_ each of the ten points in a run was also calculated with respect to the sign of 
the difference and the variation of the errors about the mean force applied 
expressed as the variance. Most subjects tended to overshoot at the 25g 
calibration value and to undershoot at the 50 g calibration level, both with 
and without the finger anaesthetized. A comparison of the pooled subject 
variances between the anaesthetized and control conditions was made for the 
same runs as before and the results are included in Table 3. It will be seen 
that the variance in the anaesthetized condition is significantly greater in three 
of the four comparisons although the size of the difference in most cases is small. 
Series 3. The results for the speed of attempted finger oscillation were 
analysed in terms of the number of oscillations in the 10 sec period, expressed 
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as a mean speed in c/s for each subject in each run. The means and s.D. are 
shown in Table 4, and the results of a comparison by ¢ test between the mean 


speeds for the different conditions are given in Table 5. It will be seen that 


anaesthetizing the finger or closing the eyes significantly impaired the per- 


formance (P<0-05) in all conditions except one, whereas the extent of the 


impairment due to the anaesthetic was fairly consistently about 6%. 

The two subjects who were tested after injection of 15 ml. of NaCl solution, 
0-9% (w/v) instead of the anaesthetic also showed some impairment in com- 
parison with their normal performance. One subject showed an average drop 
from 8-03 to 7-86 c/s for the four runs, and the other from 4-96 to 4-64 c/s, 
mean decreases of about 2 and 7% respectively. 


TasE 4. The effect of local anaesthetic on the maximum speed of attempted oscillation 
of the index finger. (Means of twelve subjects in c/s) 


Se 50 g 
Control Ansesthetized Control. Anesthetized 


Mean s8.D. Mean Mean Mean 


Vision 600 123 664 1-36 5-78 097 553 1-09 
No vision 5-76 1:20 530. 1-24 546 084 515 0-83 


TaBueE 5. Comparison of the effects of different conditions on the maximum speed of attempted 
oscillation of the index finger. (Results of ¢ tests on the paired means of twelve subjects) 


| 25 g 50 g 
Control Vision 8.5. =0-14 
No vision P<0-01 P <0-05 
Anaesthetized Vision 8.E. =0-11 =0-16 
No vision P <0-05 P<0-05 
Vision Control 8.2. =0-16 
Anaesthetized P <0-05 P<0-2 
No vision Control 8.E. =0-14 =0-13 
P <0-05 P<0-05 
DISCUSSION 
From the highly significant differences between the two sessions, irrespective 


of the run considered, it is clear that the anaesthetic caused considerable 
impairment of the appreciation of ‘passive’ movement of the finger. It is not 
possible to say from the present experimental evidence whether this impair- 
ment was caused by interfering with information derived from the skin and 
underlying tissues or from the region of the joint capsule, but this was not the 
purpose of the experiment. 

The main object of the present study was to investigate the effect of 
voluntary contraction of the muscles on the appreciation of joint movement 
under standardized conditions of speed and direction of displacement. Only 
one speed of movement was used throughout, but as this was well above the 
threshold rate, and as the absolute threshold to displacement was not being — 
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studied, this was not considered an important drawback. Similarly, for reasons 
of standardization and simplification of the experimental situation, only one 
direction of joint movement (flexion) was investigated, but again, this was 
thought to be no disadvantage in the present situation. 

The differences between the three runs in the ‘passive’ movement series 
were very small and did not reach statistical significance in either session, 
which is contrary to what might be expected on the hypothesis of Browne et al. 
(1954). It is of course possible that, as the subjects used in the present experi- 
ments were not pre-selected for their relative insensibility to joint movement, 
the amount of improvement which could be effected by tensing the muscles 
in the control session was very limited. But such an explanation cannot 
account for the lack of any improvement in the muscle tension runs in the 
anaesthetized condition. The evidence suggests rather that tensing the muscles 
did not lower the threshold to joint movement because no adequate sensory 
information was derived from receptors in the muscles tensed. 

To justify such a conclusion it is first of all necessary to examine the possible 
weaknesses of the present experimental situation. It is most unlikely that the 
anaesthetic interfered with afferent impulses from the muscles and tendons 
primarily concerned in flexion and extension of the finger, as these are located 
in the forearm. It is not known to what extent sensory information from 
certain of the lumbricals and interossei may have been affected, but any 
blocking of afferent impulses from the intrinsic muscles of the hand or other 
local structures does not of itself invalidate the comparison between the two 
‘muscle tension’ runs and the ‘relaxed’ condition, since the interference would 
be common to all three. Furthermore, any deficiency of function (either 
sensory or motor) of the muscles of the hand during the ‘muscle tension’ runs 
would presumably be compensated for by the long flexors or extensors, as the 
degree of force required to assist or resist the finger movement was always the 
same. Confirmation that there was but little impairment of the voluntary 
motor activity of the finger flexors and extensors as a whole is obtained from 
the speed of finger oscillation results, where there was a drop of only about 6% 
in performance relative to the control run. From the results of the normal 
_ saline injections in two subjects, it seems likely that this impairment may have 
been due mainly, if not entirely, to the purely physical or mechanical effects 
of the unusual amount of fluid in the hand. However, it is of course possible 
that while blocking afferent impulses from structures in the region of, and 
distal to, the metacarpophalangeal joint did not directly interfere with the 
comparison between appreciation of joint movement under ‘active’ and 
‘passive’ conditions, the nerve block may nevertheless have affected the result _ 
_ indirectly, inasmuch as afferent impulses from the anaesthetized structures 
may have some facilitatory function. It may be argued that without this 
facilitation sensory information from the muscles tensed would not reach the 
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threshold of appreciation, thus accounting for the absence of any difference in 
the results recorded in the three conditions tested. Certainly no evidence is 
available on this point and the hypothesis must remain a possibility. 

The lack of any significant difference between the three runs in the ‘passive’ 
movement series may also have been due to the inability of subjects to maintain 
the appropriate muscle contractions so that, in fact, in the supposed ‘muscle 
tension’ runs, the absence of, or inadequate approximation to the required 
force, made them differ little from the ‘relaxed’ condition. But the results 
from the maintained-pressure series indicate that, on the contrary, anaesthe- 
tizing the finger usually produced a relatively small (although statistically 
significant) impairment. of this function...Reference to Table 3 shows thatthe _ 
over-all mean deviation for the control runs was 3-77 mm and for the anaes- _ 
thetized runs 5-14 mm, corresponding to a 15-06 and 20-57% error of appli- 
cation respectively. In other words, while the accuracy of maintaining the 
requisite pressure was impaired by the anaesthetic (presumably owing to the 
blocking of cutaneous afferents in particular), the evidence suggests that in the 
‘muscle tension’ runs of the ‘passive’ movement series, the force applied 
differed little from the corresponding runs of the control session. 

In the anaesthetized condition the ultimate recognition of movement was 
probably achieved by appreciation of the deformation of unanaesthetized 
structures adjacent to the anaesthetized parts actually involved in the move- 
ment, especially skin. Certainly this accords with the comments made by 
several subjects at the end of the experiment, while in a number of trials with 
five different subjects in the ‘anaesthetized’ session, the finger movement had 
to be stopped by the experimenter when no response was made after a displace- 
ment of about 40°, to prevent possible injury. In three of these five subjects, — 
the stoppages were made either mainly or solely on the ‘muscle tension’ run 
resisting the movement, while in the other two subjects ane stoppages were 
made on either or both of the other two runs. 

Thus the present evidence provides no justification for suggesting that 
appreciation of active limb movement or joint position with the muscles — 
tensed is based on information derived from a source different from that used _ 
in the appreciation of passive movement. The active and passive thresholds _ 
were both impaired by the anaesthetic proximal to the joint and were essen- 
tially the same in either the anaesthetized or contro! sessions. However, the 
facts that the threshold values in the control condition of the present experi- 
ment did differ slightly and that the subjects reported by Brown et al. (1954) 
with high thresholds to passive movement nevertheless had a normal threshold 
to movement with muscles tensed, still need to be explained. 

It has been shown by Skogland (1956) that a change of tension in the leg 
muscles of the cat may modify the afferent impulses recorded from the region 
of the knee joint, and denervation of the leg muscles reduces the number of 
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sensory nerve endings firing in a particular joint position. He concludes (p. 50): 
‘Thus, there are sensory endings which are influenced by the muscles which 
determine the tension of the joint capsule.’ If a similar mechanism exists in 
man at the metatarsophalangeal and possibly the metacarpophalangeal joints, 
then this would provide an adequate explanation for the experimental findings 
referred to above. Certainly, from standard texts on anatomy and recent 
monographs (Jones, 1949; Walmsley, 1951; Kaplan, 1953; Terry & Trotter, 
1953; Johnston & Whillis, 1954; Landsmeer, 1955; Hamilton & Appleton, 
1956), it appears that the dorsal aspect of the capsule of both joints has some 
connexion with the extensor tendons running over it, but there seems to be 
some divergence of opinion on the degree of the association, so that further 
studies are necessary to clarify this particular point. 

The very small impairment (6%) of the speed of finger oscillation in the 
anaesthetized condition is somewhat surprising in the circumstances and 
deserves some comment. It is possible, for example, that the movement was 
not restricted to the index finger, but emanated from some other joint such 
as the wrist, which would, of course, be unaffected by the anaesthetic. This is 
an extremely difficult criticism to refute, for it is not possible to be certain that 
no movement other than that of the finger was recorded. Certainly every 
reasonable precaution was taken in this respect by securing the forearm and 


hand to rigid supports and instructing the subject to restrict the movement to _ 


the index finger. Furthermore, the subject’s movements were closely watched 


at all times, and if it was ever doubtful that the subject was not making the 


movement requested or that general body movements were accompanying his 
_ efforts, then he was stopped, the record rejected and the run repeated. ; 

The most likely explanation for the relatively small reduction in speed of 
oscillation on anaesthetizing the finger and closing the eyes is that the move- 
ments are made most of the time without correction and that their modification 
based on sensory feed-back occurs only intermittently. This has previously 
been suggested in discussing the effects of training on this type of task, where 
subjects tended to develop what they called a ‘vibration’ or ‘spasm’ technique 
(Provins, 1958). The intermittent nature of responses in a ‘tracking’ task has 
been pointed out by many investigators and it has frequently been suggested 
_ that the appropriate response is selected on the basis of past experience as 
suitable to cancel the observed error and then triggered off as a complete 
sequence of movements. Hick (1948) has shown that the reaction time for the 
amendment of a graded response is approximately 0-3 sec, which suggests that 
in the present finger oscillation situation more than one complete cycle 
involving flexion, extension and flexion again, must take place at even the 
slowest rate recorded (3-8 c/s) before any initial error can be corrected. At 
higher rates of oscillation a correspondingly longer series of contractions will 


be completed without correction, depending on how well the individual 
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contractions are executed. Clearly, the more consistently each contraction 
and therefore each oscillation is made, the longer the series may be before any — 
given level of error is reached, or alternatively, the less marked the error may 
be when the intermittent adjustment is made. And the more consistent each 
oscillation (i.e. the more predictable the response) the more redundant to the 
subject is information on the state of his limb (Annett & Kay, 1957). 


SUMMARY 


1, The threshold to movement of the metacarpophalangeal joint of the 
index finger of the right (preferred) hand was examined in twelve subjects, 
employing three conditions of voluntary muscle contraction: (a) muscles 
relaxed, (b) attempted finger extension, and (c) attempted finger flexion. The 
rate of joint movement used was 37-8°/min in the direction of joint flexion. 

2. There was a highly significant impairment of the threshold to joint 
movement when sensory information from the finger was blocked with an 
injection of Xylocaine proximal to the metacarpophalangeal joint, irrespective 
of the muscle-contraction condition studied. The effect of assisting or resisting 
joint movement by attempting to flex or extend the finger slightly improved 
the mean threshold value obtained in the control condition, but not when the 
finger and joint were anaesthetized. 

3. It is suggested that the present evidence provides no justification for 
assuming that the threshold appreciation of active limb movement or joint 
position with the muscles tensed is based on information derived from a source 
different from that used in the appreciation of passive movement. 

4, The maximum speed of attempted finger oscillation in approximately 
isometric contraction of the flexors and extensors of the index finger in the 
same twelve subjects was also tested, and a small but statistically significant 
drop recorded when the finger was anaesthetized and when the eyes were 


closed. An explanation for thie in terms of the intermittent correction of errors 
is discussed. 
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OBSERVATIONS ON MYOCLONUS IN CATS 
WITH NEWCASTLE DISEASE VIRUS 


By W. FELDBERG ann C. N. LUTTRELL* 
| From the London, NW. 7 


(Recewed 28 February 1958) 


When Newcastle disease virus (NDV) is administered to cats intranasally, or 
injected into the posterior chamber of the eye, or directly into the nervous 
system, an encephalitis with rhythmical myoclonus is produced. Dependent on 
the route of inoculation and stage of the active disease, the myoclonus may arise 


at either brain stem or spinal cord level, or both (Luttrell & Bang, 1957a,6). ~ 


In the experiments described in the present paper, NDV was injected into 
one lateral cerebral ventricle of cats, in order to find out if wide-spread 
diffusion of infective material throughout the ventricles and subarachnoid 
system would alter the pattern of myoclonus which follows infection by the 
other more restricted routes. Further, in order to study the effects of drugs 
on the irritative discharge from brain stem and spinal cord which underlies 
the myoclonus during the stage of clinical encephalomyelitis, drugs were 
injected into the lateral ventricle either in the unanaesthetized animal or under 
anaesthesia during perfusion of the ventricular subarachnoid space. This 
method permits the testing of a number of substances in the same animal over 


a relatively short time and localizes the action of - drug to certain regions of _ 
the central nervous system. 


METHODS 
In five cats a Collison cannula was implanted in one lateral ventricle by aseptic operation under _ 
barbitone sodium anaesthesia as described by Feldberg & Sherwood (1953). Each cat was inocu- 
lated with 0-15 ml. of undiluted virulent CG strain of Newcastle disease virus (Luttrell & Bang, 
1956, 19576) through the cannula, either at the time of implantation or 2 days later. 

In two cats with active myoclonus, which were anaesthetized with intravenous chloralose 
(75 mg/kg), cannulae were inserted into trachea, femoral artery and vein. Respiration was re- 
corded through a side tube in the tracheal cannula connected by rubber tubing to a Brodie 
tambour. Arterial blood pressure in the left femoral artery was continuously registered from 
an open mercury manometer. Contractions of the tongue or iliopsoas muscles were recorded with 
a light spring myograph. In both cats cerebral ventricles were perfused with Locke’s solution by 


* Present address: The Division of Neurological Medicine, The Johns Hopkins University _ 
School of Medicine, Baltimore, U.S.A. ae 
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the method of Bhattacharya & Feldberg (1956). Inflow was through the indwelling cannula in 
the lateral ventricle; outflow was collected from the cisterna magna in one cat, and from the 
lumbar theca in the other. The rate of flow was 1 ml./10 min, When drugs were administered into 
the lateral ventricle the inflow cannula was temporarily disconnected and the drugs given slowly 
through a syringe by gravity alone. After the injection perfusion was continued. The drugs used 
were paraldehyde, hyoscine hydrobromide, quinidine sulphate, procaine hydrochloride, codeine 
sulphate, chlorpromazine hydrochloride, dextromethorphan hydrobromide (Romilar, Roche 
Products Ltd) and saline solution previously shaken in ether. All values cited refer to the salts. 


RESULTS 


All five cats inoculated intraventricularly with NDV developed encephalo- 
myelitis with rhythmical myoclonus as described by Luttrell & Bang (1957 a, 
b). It appeared 40-60 hr after inoculation. In one cat the myoclonus started 
in the muscles of the lower trunk and hind quarters and later spread to the 
upper trunk without affecting jaw or tongue. This was a common clinical 
pattern described by Luttrell & Bang (19576) when a spinal route of infection 
was used. In the other four animals the pattern of myoclonic involvement 
was different, The movements appeared first in tongue, palate, jaw and neck 
muscles. Only later were forelimbs and trunk involved. Finally, spread to 
the lower part of the body occurred. | 

The myoclonic movements were always rhythmical, though not necessarily 
completely regular. When involving the limbs, they consisted predominantly 
of flexor movements, The rate varied between 40 and 130/min. At the onset 
of myoclonic activity, respiration occurred independently. As the myoclonus 
increased in intensity, however, the respiratory rhythm coincided with the 
myoclonic contractions. Thereafter, respiration was synchronous with each 
repetitive discharge of myoclonus. ars 

Intravenous chloralose and inhalation of ether. Two cats were anaesthetized 
during the stage of myoclonic activity with intravenous chloralose; in both 
the myoclonus persisted during the anaesthesia (see Fig. 1) which lasted for 
hours. Likewise light ether anaesthesia, after induction with ethy] chloride, 
did not affect the myoclonus. With deepening ether anaesthesia, however, the 
myoclonic movements diminished and then ceased. Under these circumstances, 
they reappeared after chloralose was injected intravenously and the ether 
inhalation was discontinued. They could, however, be again reduced or 
abolished with sufficient ether inhalation. 

Asphywia. In one myoclonic cat under chloralose anaesthesia, asphyxia was 
produced by attaching a length of rubber tubing to the tracheal cannula, thus 
increasing the dead space. The myoclonic contractions stopped whilst respira- 
tory movements continued; the myoclonus reappeared when the rubber tubing 
was removed. 

Intraventricular chloralose and adrenaline. One cat with myoclonus received 
three intraventricular injections of 2 mg of chloralose at 2 hr intervals. Chlora- 
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lose given in this way is known to produce an anaesthesia-like condition 
(Feldberg, 1958). Although the cat became lethargic, was unable to right itself 
and showed protrusion of the nictitating membranes, myoclonus was scarcely 
affected. The rate remained unchanged but the force of the contractions 
became somewhat reduced. 

_ Another cat with myoclonus was given three intraventricular injections of 
80-300 yg of adrenaline at 2 hr intervals. The myoclonus was not affected and 
the anaesthesia-like condition usually seen after intraventricular adrenaline 
(Feldberg & Sherwood, 1954) was not pronounced. 


Fig. 1. Myoclonic respirations in a cat infected with NDV under chloralose anaesthesia. Upper 
record: myoclonic respirations recorded with a tambour connected by rubber tubing to the 
side arm of the trachealcannula, Lowerrecord: blood p ded from the left femoral 
artery. At the arrow (+) at B transection of the spinal cord at the level of C2. 0, half an hour 
moving drum. 


Perfusion of ventricular subarachnoid space. In the one cat in which the ‘ 


myoclonus had started in the hind quarters with later recruitment of other 


regions, the cerebral ventricles were perfused with Locke’s solution which was _ | 


collected from the cannulated cisterna magna. Perfusion in this fashion, 
although continued for several hours, did not alter the myoclonus. As con- 


tractions of hind quarters, trunk and abdominal muscles developed, they were 


clearly associated with contractions of the diaphragm, so that each myoclonic 
spasm resulted in inspiration. A record of this ‘myoclonic respiration’ in this 
experiment is thus representative of the rhythmical ny Sotaian as a whole. 
a 1, it occurred at a rate of 90/min. 
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Section of spinal cord at C2 level, though causing transitory arterial hyper- 
tension and bradycardia, did not stop the myoclonus. It continued at the same 
rate and, although the respiratory centre was separated from the respiratory 


muscles, adequate pulmonary ventilation was maintained. This phenomenon 


is illustrated in Fig. 1 at B and C. 

In another cat, in which the myoclonus was active in tongue, jaw and fore- 
quarters, the cerebral ventricles and the subarachnoid space were perfused 
with Locke’s solution but the fluid was allowed to flow out from the cannulated 
lumbar theca. In this cat, myoclonic movements were synchronous with 
respiration as judged by simultaneous recording of tongue contractions and 
respiratory movement. The myoclonus, however, involved predominantly 
cranially-innervated muscles and thus was unable by itself to maintain res- 
piration. This became evident when the respiration was paralysed with 
dextromethorphan hydrobromide. Slow intraventricular injection of 2 mg of 
this drug caused a pronounced fall in arterial blood pressure and abolished 
respiration. The myoclonic contractions also ceased. This cessation, however, 
seemed to be the transient result of asphyxia since the myoclonus reappeared 
when ventilation from the pump was applied. The experiment was, therefore, 


continued with the aid of artificial respiration. : 


The myoclonus was not affected by slow intraventricular injection of 2 mg 
of hyoseine hydrobromide, procaine hydrochloride or quinidine sulphate, none 
of which produced alteration in arterial blood pressure. Likewise, the intra- 
ventricular injection of 10 mg of codeine sulphate, although accompanied by 
a pronounced rise in arterial blood pressure, had no effect on the myoclonic 
movements. On the other hand, the myoclonus was greatly attenuated when 
paraldehyde, chlorpromazine or Locke’s solution shaken with ether were 
slowly injected intraventricularly. 

Figs. 2 and 3 illustrate the effects of these drugs on the myoclonic contractions 
recorded from the tongue. They were greatly reduced in amplitude, though 
less in frequency, when 1 ml. of Locke’s solution shaken with ether was slowly 
injected (Fig. 2.4). The injection caused only a slight fall in arterial blood 
pressure. Amplitude and frequency of the myoclonic contractions were even 
more effectively decreased when 0-2 ml. of paraldehyde was slowly injected 
(Fig. 2B). At the height of the paraldehyde action, the myoclonus consisted 
merely of slight flickers of the tongue. This pronounced reduction in myoclonus ~ 
was accompanied by a slight increase in arterial blood pressure. The effects of 
two successive slow intraventricular injections of 1 ml. of chlorpromazine 
1:500 are shown in Fig. 3. The first injection (at A) caused a pronounced and 
sustained fall in arterial blood pressure, but the second injection (at B) caused 


no further fall in blood pressure; but both injections greatly attenuated the 
myoclonus in force and frequency. With recovery, frequency first returned to 


the basic rate; it took much longer for the return of the force of the contractions. — 
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The myoclonic contractions of the tongue must have originated from an 
irritative lesion in the brain stem because they persisted not only after 
decerebration, but also after subsequent transection of the spinal cord at the 


Fig. 2. Myoclonie contractions in a cat infected with NDV under chloralose anaesthesia during 
perfusion of the ventricular subarachnoidal space with Locke’s solution. Upper record, 
myoclonic contractions recorded from the tongue, Lower record, blood pressure recorded 
from the left femoral artery. At A during signal slow intraventricular injection of 1 ml. 
Locke’s solution previously shaken with ether; and at B of 0-2 ml. paraldehyde. 


Fig. 3. Continuation of Fig. 2. Effect, at A and B, of slow intraventricular injections of 1 ml. of 
chlorpromazine 1:500 on the myoclonic contractions of the tongue. 


level of the atlanto-occipital junction. This is illustrated in Fig. 4. Records A 3 
were taken immediately after perfusion of the ventricular subarachnoid space 

had been discontinued, B after decerebration, and C after high cervical 
transection. The slight reduction in amplitude of the myoclonic tongue con- 
tractions which followed the operative procedures may have been an indirect 
effect resulting from reduction of blood flow to the tongue. This inference is 
supported by the fact that in this experiment carotid occlusion, with con- 4 
comitant ischemia of the tongue, readily abolished its movements. 
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Fig. 4. Continuation of Fig. 3. Effect of decerebration (between A and B) and of cord transection 
at the atlanto-occipital level (between B and C) on the myoclonic contractions of the tongue. | 


DISCUSSION 

The present experiments show that the rhythmical myoclonus of the encephalo- 
myelitis of Newcastle disease virus can be obtained regularly by injection of 
the virus into the lateral ventricle of the cat. In previous studies with NDV 


_ (Luttrell & Bang, 1957), inoculation was achieved directly through certain 


anatomically-restricted routes. On the basis of resultant clinical sequences 
and histological changes, it was inferred that the spread of the virus was 
predominantly along neural pathways and within organized systems, as already 
indicated for poliomyelitis by Bodian & Howe (1940). In the present experi- 
ments, with wide-spread diffusion of infective material throughout the cerebro- 
spinal fluid, similar spread of myoclonus once it developed was observed. 
Despite occasional random remote results such as the initial appearance of 
myoclonic movements in the hind quarters, the mode of entry to the nervous 
system could be best explained by a pooling of the virus in the lower part of 
the fourth ventricle. | | 
Once myoclonus developed it persisted under chloralose anaesthesia, and 
could, therefore, be examined in the anaesthetized animal by the usual methods 
of analysing physiological phenomena. So far, the pharmacological analysis 
was of a limited nature. It was possible, however, to show that the myoclonus 
was greatly attenuated by drugs such as chlorpromazine and paraldehyde 
given by the intraventricular route. Moreover, concomitant recording of 
arterial blood pressure showed that this inhibitory effect was not dependent on 
either a rise or fall in blood flow per se. The depression of the central myoclonic 
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state by asphyxia may be the result of either a rise in CO, 0 ora ‘fall in QO, aon, 
or both. 
It remaius to be seen | whethee involuntary muscular contractions such as 


the myoclonic movements of NDV can be controlled effectively in the un- 


anaesthetized animal when substances such as chlorpromazine or paraldehyde 
are given repeatedly by the intraventricular route, and whether these sub- 


stances have similar effects when given by more orthodox methods of drug — 


administration. The methods employed in the present investigations do, 
however, indicate the possibilities of studying potential ameliorative effects 
of these and other drugs on periodic involuntary movements. 

In keeping with the description of Luttrell & Bang (1957) it was found that 
the explosive myoclonic discharges could arise from relatively isolated and low 
levels, of the central nervous system. Myoclonus, for example, including 
‘myoclonic respiration’, was confirmed in the acutely spinal cat. This spinal 
form of ‘respiration’, sufficiently intense to take over from normal respiratory 
activity in decerebrate cats, has been shown by Luttrell & Bang to result from 


massive rhythmic discharges to the diaphragm, which may persist for hours. 
‘In the present experiments, a similar rhythmic discharge from isolated lower 


brain-stem segments likewise caused long lasting myoclonus of the tongue. 
It appears, therefore, that the organizational requirement for thythmic myo- 
clonus, a highly co-ordinated pattern of integrated movements, is a compara- 
tively simple one, and exists at a ne low level of the central nervous 
system. 

The present results emphasize that Le methods may have con- 
siderable relevance to a study of mechanisms of viral pathogenesis in the 
nervous system. Hitherto, such an experimental approach has been made with 
only two other viruses—on the effects of pseudorabies virus on a peripheral 
sympathetic ganglion (Dempsher, Larrabee, Bang & Bodian, 1955; Dempsher & 
Riker, 1957), and on the mode of spread of poliomyelitis (Bodian & Howe, 1940) 


and on certain excitatory effects of the same virus at central mononeurone | 


level (O’Leary, King & Meagher, 1955). 


SUMMARY 
1. Newedstle disease virus (NDV) when injected into the lateral ventricles 


of five cats produced in each animal, 40-60 hr after inoculation, encephalo- 
myelitis with rhythmical myoclonus. 


2. The myoclonus appeared more regularly in muscles innervated by the | 


lows: cranial nerves than was the case with previous routes of inoculation. 
3. The myoclonus persisted under chloralose anaesthesia but was abolished 
by deep ether anaesthesia and by asphyxia. 
4, The myoclonus was not affected by hyoscine, codeine, procaine, quini- 
dine, and dextromethorphan, but it was greatly attenuated by paraldehyde 
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and chlorpromazine. The substances were administered by slow intraventricular 
injection whilst perfusing the ventricular subarachnoid space. 


5. With active myoclonus, respiratory activity was synchronous with the 
repetitive spasmodic discharge. When the myoclonus arose at spinal levels it 
was adequate in itself to maintain pulmonary ventilation but when limited 
to the lower brain-stem segments, it was ineffective in this respect. 


C.N.L. was supported during this work by a travel grant from the Welleome Trust. The Romilar 
was kindly given by Roche Products Ltd. 
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MEMBRANE CURRENTS IN ISOLATED FROG NERVE FIBRE 
| UNDER VOLTAGE CLAMP CONDITIONS 


_ By F. A. DODGE* anp B. FRANKENHAEUSER 
From the Nobel Institute for Neurophystology, 
Karolinska Institutet, Stockholm 60 


(Received 14 March 1958) 


With the voltage clamp technique it has been found that the membrane of the 
squid giant nerve fibre shows a sequence of specific changes in sodium and 
potassium conductances when the membrane is depolarized (Hodgkin & 
Huxley, 1952¢-d; Hodgkin, Huxley & Katz, 1952). A step depolarization is 
associated with a rapid transient increase in sodium conductance followed by 


-” a slower but lasting increase in potassium conductance. The magnitudes and 


the rates of change of these permeability changes vary continuously with the 
membrane potential so that they are larger and more rapid at large cathodal 
polarizations than at small. The mechanism underlying these permeability 
changes is mainly unknown, but in further experiments with the voltage clamp 
technique it was found that the conductance-membrane potential (gy,-V and 
9x-V) curves are shifted along the voltage axis when the external calcium 


concentration is altered (Frankenhaeuser & Hodgkin, 1957). 


It is not clear to what extent this analysis may be applied to the myelinated 


nerve fibre. The resting potential is mainly determined by the external po- 


tassium concentration, whereas the action potential changes with the external 
sodium concentration, as it would if the membrane were mainly permeable to 
sodium at the peak of the action potential (Huxley & Staimpfli, 1951). The 


effect of changing the external calcium concentration is very much that which — 


_ is expected on the basis of the squid experiments (Frankenhaeuser, 1957). 


This supports the view that specific changes in sodium and potassium con- 


ductances are the basis for activity in myelinated nerve as they are in squid 


nerve. On the other hand, from experiments where an action potential is 


interrupted with an anodal pulse, Tasaki (1956) concludes: ‘An unsuccessful 
attempt was made to interpret these experimental results in terms of the sodium 
theory of nerve excitation’, referring to the squid voltage clamp analysis. 
* Graduate fellow of the Rockefeller Institute for Medical Research, New York. — 
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Previously, from measurements of the membrane resistance during the action 
potential, Tasaki & Freygang (1955) concluded that the myelinated nerve 
does not undergo a change in potassium conductance during the action potential. 
The voltage clamp technique is, however, to be preferred for resolving the 
changes in the specific ionic conductances of the membrane, associated with 
depolarizations. | 

Proper stabilization of the membrane potential in voltage clamp experiments 
requires @ highly reliable potential-measuring system. A system for the mye- 


_ linated nerve fibre has been developed using negative feedback to meet such 


requirements (Frankenhaeuser, 1957a) and incorporated into a voltage clamp 
arrangement (for preliminary description, see Frankenhaeuser & Persson, 
1957). A different method for clamping the nodal membrane potential has 
recently been described (del Castillo, Lettvin, McCulloch & Pitts, 1957). 
In this method the membrane potential is measured as the longitudinal 
current when the external impedance is made high in an air gap (cf. Tasaki & 
Frank, 1955). | 

The method of Frankenhaeuser & Persson, involving two feedback ampli- 
fiers, has been used with some modifications in the present experiments. The 
first amplifier, with negative series feedback, provided an instrument with 
high input impedance for recording changes in membrane potential, whereas 
the second, with negative parallel feedback, stabilized or clamped the nodal 
membrane potential. The method, its limitations, and the ionic currents 
associated with step polarizations, are described in this paper. The quantitative 
analysis of these phenomena will be dealt with in a subsequent paper. 


The nomenclature introduced by Hodgkin et al. (1952) for the experiments on the squid fibre 
is followed as far as possible, with the exception that the signs of potentials are taken in the 
sense of axis cylinder potential minus potential of outside medium. The action potential is there- 
fore a change in positive direction, outward membrane current is consequently given as positive. 


METHODS 
Preparation. The experiments were done on large single myelinated fibres dissected from the 
sciatic nerve of the frog (Rana esculenta and R. temporaria). Most of the experiments were carried 
out at about +3° C. . 
Solutions. The Ringer’s solution used had the following composition (mm): NaCl 111-3, KC12-5, 
CaCl, 2-0, NaHCO, 2-5 
Voltage clamp. Two feedback amplifiers, A, and A,, were connected to the fibre as shown in 
Fig. 1. Since changes in the potential across the membrane of node N,, as measured with amplifier 
system A,, appeared as changes in the potential difference between pools B and A, the input of — 
amplifier A, was effectively connected across the membrane of node N, (Frankenhaeuser, 1957 a). 
Part of the current from the output of A, flowed through the membrane of node N, via the inter- 
node N_, ~N, the remainder passing through the seal EA and having no important effect-on the 
system. Since both the input and the output of A, were effectively across the membrane of node 
N, and since the feedback was negative, A, worked as a voltage stabilizer, clamping the membrane 
potential to a value determined by a reference potential modified to undergo rectangular steps. 
This system was thus equivalent to that used in voltage clamp experiments on the squid axon. 
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Both feedback amplifiers were similar in design, two-stage differential amplifiers with single- 


sided output at mean level of earth potential and with adequate balance controls. The voltage 
gain was somewhat more than 1500 and constant from d.c. to more than 200 ke/s. Great care 


was taken to avoid drift, especially in the input stages of amplifier A,. All power supplies including 
a d.c. heater supply were well stabilized, wire-wound resistors used, the input valves were selected 
for minimum drift, and the grids of the input cathode followers were grounded when not connected 
to the preparation. Amplifier A, was biased with external rectangular pulses to change the mem- 


3 brane potential in sudden steps as required. 


Fig. 1. Arrangement for clamping the nodal membrane potential. N_,, N, and N,,, nodes of 
Ranvier. A, B, C and E pools with Ringer’s solution. Electrodes, cathode followers, inputs 

and outputs are denoted in the text with the letter of the pool to which they are connected. 
Shaded regions are petroleum jelly seals around the fibre. .A, feedback amplifier for measuring 

- membrane potential of node Ny. A, feedback amplifier for stabilizing membrane potential 
of node N,. Recording instruments for recording membrane potential (V,) and membrane 
current (Ip) are indicated. Seals EA, AB and BO 150, each, pool A 200, and pool B 230 p. 


Electrodes. Silver-silver chloride electrodes, used in the earlier experiments (Frankenhaeuser & 
Persson, 1957), were, unfortunately, rather unstable. Drift in the recording electrodes in pools 
B and C (Fig. 1) necessitated rebalancing amplifier A, often (small errors, i.e. 1-2 mV, had an 
appreciable effect on the magnitude of the inward currents during a clamp). Polarization of the 
current-carrying electrodes in pools E, A, and B resulted in erroneous and variable balance 


_ settings. More elaborate calomel half-cells made with 3 m-KCl and with a contact surface area 


between the mercury and the calomel of about 25 mm*, showed no appreciable polarization 
(<1 mV) for currents about 100 times larger than the currents in the experiments and these were 
also found to be sufficiently drift free. The calomel cells were connected to the recording cell by 
bridges, made of glass capillaries filled with 3 m-KCl in a kaolin suspension, closed with plugs of 
balsa wood. 

Recording electrodes and current-carrying electrodes were separated to eliminate from tiie 
recording systems the small errors due to a potential drop across the current-carrying electrodes. 

The current electrode in pool B had to be of rather low resistance (less than about 1000), 
otherwise amplifier A, went into oscillations at a frequency of approximately 1 Mc/s due to the 
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small stray capacitance between pools A and B. The other electrodes were not so critical in this 


Recording cell. A Perspex cell with four pools separated by three partitions was used. The fibre 
was mounted in the cell so that the node under investigation was in pool A. Petroleum jelly seals 
were applied to the fibre with a syringe at the three partitions. In preliminary experiments it was 
found that the dimensions of the cell are rather critical in two respects: (a) wide pools and wide 
seals limit the high frequency gain which can be used in amplifier A,, because the phase lag 
introduced by the fibre increases with the distance between seals EA and BO; (b) a very narrow 
pool B results in changes in membrane potential being recorded with attenuation (see p. 81). 
The dimensions of the cells used, which are given in the legend of Fig. 1, were chosen as a com- 
promise between these two effects. 


Electrical shielding. Although the recording cell and the electrodes were enclosed in a brass 


block through which cold water was circulated, some additional electrical shielding was necessary, 


since serious discrepancies between true membrane potential and recorded membrane potential 
resulted when shielding was insufficient. Pool C and electrode C were provided with a separate 
shield connected to the cathode of the cathode follower C, in order to reduce the stray capacity to 
ground. Other electrodes were surrounded by grounded brass plates. The efficiency of shielding 
was tested with the recording cell placed as in the experiments, but the fibre not extending to 


pool E, When: & rectangular pulse of 10°V amplitade applied to pool B evokbd & transient output 


signal of less than 20 mV in amplifier A,, screening was considered sati 

point in the axis cylinder at N,), the — in membrane current per —_ centimetre membrane 


In (1) 


where V xp is the change in potential difference between pool E and point D in the axis cylinder at 
node N, (see Fig. 1); Zgp is the impedance from pool E to the axis cylinder at node Ny; and Ay is 
the surface area of node N,. 

The feedback amplifier A, (Fig. 1) prevented any appreciable flow of current in the internode 
N, — N41, whereas the feedback amplifier A, supplied the current required to stabilize the potential 
across the membrane of node N,, that is, the membrane current associated with step depolariza-— 
tions flowed almost entirely through the internode N_,-—N,. It was previously shown (Franken- 
haeuser, 1957) that the axis cylinder close to node N, is held by amplifier A, at a potential nearly 
constant relative to ground; changes in membrane potential therefore appear as changes of the 
potential of the external pool A relative to the grounded reference electrode in pool B. Vxgp is 
therefore almost equal to Vz, which was recorded. The membrane current could therefore be 
calculated from the potential V,,, and the impedance Zgp. This impedance could not be measured 
in the experiments. It is quite clear that any ‘activity’ or rectification in node N_, would make it 
difficult to calculate the membrane currents. Since the membrane currents from node N, flow 
through node N_, and are of a magnitude far exceeding the threshold of node N_,, activity in 
node N_, was prevented by replacing the Ringer’s solution in pool E either with cocaine Ringer’s 
solution or with isotonic KCl solution (change in membrane potential compensated). A serious 
drawback of the cocaine method was that the membrane currents developed potentials across the 
node N_,, wich were sufficient to damage the membrane. This did not happen when potassium 
chloride was used, since the node in KCI solution had a much lower resistance. The current path 
was thus made a ‘ passive’ network which was mainly resistive, axis cylinder and membrane, but 
partly capacitive, membrane and myelin sheath. The effect of the capacitive part of the current 
path was to attenuate somewhat the high frequency component of the response, but this seemed 
inappreciable for the recording of the ionic currents. 

The membrane currents were linearly proportional to the recorded potential Vy,. To calculate 
a scale for the current measurements according to equation 1, a value for the product AyZpp was 
required. Neither of these factors was measured. When KCl was applied to node N_, it was 
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reasonable to assume that the membrane resistance of node N_, was negligible in comparison — 


with the internodal resistance of the axis cylinder. For these cases a value of 10 Qcm* was 
somewhat arbitrarily chosen for the product AyZgp, on the basis of probable values (fibre diameter 
10-15 4, nodal gap 0-5-1, internodal resistance 28-40 MQ, cf. Tasaki, 1955; Stéampfli, 1952). 


A considerable error in the scale for the membrane currents is likely to be introduced by the factor | 


10, the order of magnitude ought, however, to be correct. A relative scale for the membrane 
currents is sufficient for the major part of the present analysis. 

Procedure to balance amplifiers. The feedback amplifiers were balanced in either of the following 
manners, 
(a) When pool E contained cocaine Ringer's solution, and pool C Ringer’s solution. Amplifier A, 
was balanced so that the potential V,, was zero. The output of amplifier A, was connected to the 
preparation and balanced so that the potential V,, remained zero. 
(b) When pool E and pool C contained isotonic KCl solution. Amplifier A, was balanced so that the 
potential V,, was -70 mV, amplifier A, so that the potential V,, remained - ~ 70 mV when the 
amplifier was connected to the preparation. 


The assumptions underlying these procedures were that the resting membrane potential was 
the same in the nodes in Ringer’s solution and in cocaine Ringer’s solution, and that a node was 
depolarized 70 mV when the outside solution was isotonic KCl. The balance condition chosen to 
represent the ‘resting potential’ was evidently influenced by these approximations. In case a the 


conditions of nodes N_, and N,, were of importance, but not in case 6. Procedure b was used in 


most of the experiments. 

The most correct ways of balancing would be to balance A, to zero output when feedback loop 
is open and pool C is short-circuited to B, or to balance A, to zero potential V,,. Both these 
methods were found impracticable since they complicated the experiments too much. 


Preliminary experiments 
- The voltage clamp technique here described was developed for quantitative experiments. 
A number of technical and experimental difficulties arose, oscillatory behaviour, attenuation in 
the voltage recording system, electrode and amplifier drift, etc. A large number of tests on a nerve 
model and on about 200 isolated fibres were performed while the technique was being developed. 
The aim of these experiments was to find the best method of stabilizing the membrane potential 
and to determine the reliability of the technique. 


Speed of stabilization. It was found that a more rapid stabilization of the membrane potential 


could be achieved by narrowing the seals and the pools in the recording cell (see Fig. 1). ‘Ringing’ 
at the step was of higher frequency in experiments with the narrow cell, and the membrane 
currents affected the membrane potential less. Currents were clearly regenerative when a wide cell 
was used. This was most pronounced at steps of 20-35 mV, which is the region where the peak 
current-membrane potential curve was steepest and, therefore, the region where the tendency 
of regeneration was largest. From a number of experiments with recording cells of various 
dimensions it was concluded that a recording cell with very short pools and seals would permit 
most rapid stabilization, There was, however, a limit, partly because it was difficult in practice 
recorded with some attenuation when the cell was too narrow (see p. 81). 

the cable-like properties of the fibre and partly by the amplifier systems. Pools E, A and B (Fig. 1) 
were all connected to low impedances, so stray capacitances from these to ground were insignificant. 


- The input C was sensitive to stray ‘capacitances to A and E, but somewhat less sensitive to a 


stray capacity to ground (see Frankenhaeuser, 1957a). A grounded shield round the large calomel 
cell at C was found to introduce too much stray capacity; pool C and electrode C were therefore 
screened separately with a shield connected to cathode CO. With these precautions the performance 


idual inadequacies in the amplifiers. 
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Attenuation in voltage recording system. When a cell with a very narrow pool B (Fig. 1) was used, 
it was observed that an action potential was elicited in node N,, at large depolarizations (about 
120-150 mV) of node N,. A related effect is that when pool B was very narrow, the recorded 
action potential was 80-00 mV, instead of 110-120 mV as with a wide pool. A flow of current 
through the internode N, to N,, and through the node N,; was of necessity required to excite 
node N,;. The only return path available for such a current was through seal BC, where this 
current must cause a potential drop across the seal resistance, which was about 5 MQ. As a direct 
consequence of current through seal BC the recorded potential change V,, must differ from the 
membrane potential by an amount determined by the current and by the impedance from D to 
pool C, 

A current through seal BC of sufficient magnitude could possibly arise in the following ways: 
(2) amplification in amplifier A, was not sufficient to prevent flow of longitudinal current; 
(5) pool B was not sufficiently equipotential, the current through seal AB developing a potential 
in the solution between the recording electrode in B and the point where the fibre entered seal 
BC in pool B; and (c) current spread in a conducting path between the myelin and a resistive layer 
surrounding the fibre. } 

That condition @ contributed little to the current was clear from the observations that the pulse 
amplitude (V_,4) necessary to excite node N,, was virtually independent of the amplification in 
A, (i.e. the ratio Vg,:Vy,¢) over the range 150-1500, while the potential V,,. was decreased by 
a factor of 10. Correspondingly, the amplitude of the recorded action potential decreased only 
a few per cent, when the amplification was decreased from 1500 to 100. A current through seal BC 
which was independent of the amplification in A, was therefore required to explain the artifacts. 

In conditions 6 and c the potential outside the myelin in pool B at seal BC would be slightly 
different from the potential of the measuring electrode in B. Although approximate calculations 
suggested that condition b was unlikely to account for more than a few per cent of the potential 
(with seal impedances of about 5 MQ), the relative contributions of these two conditions are more 
clearly seen from the results of the following experiment. A fibre was mounted in the cell with a 
narrow pool B so that about 300, of fibre was in B, The geometry of the seals relative to the 
recording cell was the same as in the earlier experiment with the narrow B. The seals were relative 
to the fibre, however, as in the wider cell. In this case the action potential was about 120 mV, 
and the large pulses did not excite node N,,. The seal currents were approximately the same in 
the two experiments, the main difference being the length of fibre in pool B. It was therefore 
concluded that the current spread within the fibre was the cause of these artifacts; probably this 
current flowed in a conducting path between the myelin and a resistive layer outside the 
myelin. 

The characteristic length of this outside ‘cable’ must have been short, since attenuation was 
negligible with about 300 yu of fibre in pool B and about 30% with 200 u. The histological structure 
which may account for the effect is the Schwann cell layer. From these experiments it was not 
possible to decide where the longitudinal conductor was located relative to the Schwann cell. 
Replacing the Ringer’s solution in pool B with potassium chloride solution had no appreciable 
effect on the attenuation, indicating that the resistance of the outside layer was unaffected by 
potassium chloride. | 

The ‘attenuation artifact’ was negligible with a long length of fibre in B (>300,) as in the 
earlier experiments (Frankenhaeuser, 1957a). A long length of fibre in B, however, resulted in 
some phase lag in the potential recording system. This phase lag was quite negligible for recording 
the membrane action potential, but limited seriously the possible maximum gain at high frequencies 
in the voltage clamp amplifier (A,). The attenuation could be estimated, (a) by re the 
membrane action potential, or (b) by measuring the critical depolarization of node N, which just 
excited node N_,,. 

_ Discussion of limitations in the method. The limitations and difficulties in the method may be 


summarized in the following groups: (1) high frequency oscillations, (2) attenuation in potential 


recording system, (3) polarization and drift of electrodes, (4) deterioration of the fibre. 
‘PHYSIO. CXLIII 
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(1) A feedback amplifier which stabilizes the membrane potential with little time lag is liable 
to oscillations. Oscillations of this kind were one of the difficulties encountered with the present 
technique, a considerable number of fibres being destroyed. The following steps were taken in order 
to overcome the difficulty. (a) In the design and construction of the feedback amplifiers attention 
was given to the phase lags. (b) The major phase lag appeared in that part of the fibre which was 
between pools E and ©. The feedback amplifier A, encountered the phase lag in the fibre between 
seals EA and BC. In order to minimize the total phase lag the recording cell was made small. 


Fig. 2. Membrane current (I) and membrane potential (Vin). Membrane potential was to some 
extent influenced by flow of membrane current at short times after step. This effect was less 
pronounced at other values of depolarization. Temp. 3° C. Note crossing of beams. — 


The lower practical limit for this was that the pools should be wide enough to be efficiently equi- 
potential throughout, so that the ‘seal currents’ should have little effect. A number of cells with 
different dimensions were tested. The dimensions of the cell which were found most suitable are 
given in Fig. 1. (c) In the experiments the gain of the feedback amplifiers had to be increased 
with considerable care to avoid high frequency oscillations (about 500 ke/sec). It was possible to 
use @ voltage gain in the amplifier A, of about 1500. The voltage gain of amplifier A, could be 
increased to about 400 with a substantial high frequency cut. This gain was sufficient to stabilize 
the membrane potential so that regenerative activity in node N, was prevented. Large membrane 
currents did affect the membrane potential to a small extent (<5mV), so it was necessary to record 
the membrane potential simultaneously with the membrane currents (Fig. 2). (d) The system 
showed some ‘ringing’ at the beginning and end of the step polarizations. The experiments were 
therefore carried out at low temperature, about 3° C, where the permeability changes were slower 
and thus the major part of the rising phase of the inward current was not affected by the ringing. 

(2) As described above an appreciable (i.e. up to 30%) attenuation of the membrane potential 
occurred in the measuring system when a short length of fibre was in pool B. Attenuation of this 
kind must be accounted for in the measurements of the membrane potential. | 

(3) Errors in setting the balance of the amplifiers were minimized by the use of calomel electrodes 
and by the stability of the amplifiers (see p. 78). 

(4) The fibres deteriorate to some extent during the course of an experiment lasting some hours. 
This effect was observed as a decrease of the maximum inward current and a shift of the potential 
at which the initial current reversed from inward to outward. The voltage clamp technique may 
have been rather damaging to the isolated fibre, first because three petroleum jelly seals were 
applied to the fibre close to the node under investigation, and secondly, because the membrane 
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currents in voltage clamp experiments were much larger than the currents during normal impulse 
activity. There was some indication that the condition of the frogs may have an influence on how 
well the fibres survive the experiments. The slow deterioration of the preparation should not be 
confused with the very sudden destruction of the fibre caused by high frequency oscillations in 
the amplifiers. 


RESULTS 
Tome currents 
The ionic membrane currents associated with step polarizations are illustrated 
in Fig. 3. The currents strikingly resemble the membrane currents in squid 
fibre voltage clamp experiments (cf. Hodgkin et al. 1952. Fig. 12; note that 
our records show cathodal polarizations and outward currents as positive 
values). The very early part of the records was complicated by the fact that 
the membrane potential was stabilized to the new value accompanied by some 
overshoot and ringing at the beginning of the step. This was due to the limita- 
tions of the method imposed by the phase lags in the fibre and in the amplifiers 
at high frequencies. The currents were small and outward at small cathodal 
polarizations. At intermediate depolarizations the records showed an initial 
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0 5 msec ! 
Fig. 3. Membrane cutrents associated with step polarizations of amplitudes indicated to the left 

of trace, these values probably 10-20% too small, owing to attenuation (see text). Outward — 
current as upward deflexion. Current calibration calculated from eqn. 1 with AyZgp = 10cm’. 
a, Membrane potential before pulse was resting potential minus about 15 mV (i.e. 15 mV 
anodal. polarization); fast time base to show initial current. b, Experiment on another fibre 
with slow time base to show delayed outward current; potential before pulse was resting 
potential plus about 5 mV (i.e. 5 mV cathodal polarization). Temp. 3° C. Capacity current is 
not visible in the records. | ie 
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inward current followed at long times by an outward current. With larger pulses 
the initial current decreased in amplitude and reversed its direction to outward 
current at about 120 mV. The change in step polarization from 38 to 57 mV 
in Fig. 3a was too large to show how the initial current changed with the 


mV 
38 


42 


56 
50 


0 5 msec 
Fig. 4. Membrane currents in same experiment as Fig. 3a. Value of step polarization changed 
with 2 mV between frames to show that currents were smoothly graded with depolarization. 
Temp. 3° C. 


membrane potential in this region. In Fig. 4 records are given at a number of 
intermediate steps from the same experiment. From these records and from 
Fig. 5, where the peak initial current is plotted against the membrane potential 
during the step, it is seen how the initial currents were smoothly graded with 
the membrane potential. The late outward currents increased in amplitude 
and approached a maximum value more rapidly-as the pulse was increased in 
amplitude (Fig. 36). 

The effect of the membrane potential on the ionic currents was investigated 
by changing the membrane potential in two steps (Fig. 6). Experiments of 


this type revealed that the initial peak currents were larger when the second 


pulse was preceded by anodal polarization of the membrane. The peak initial 
current-membrane potential curve (Fig. 7) was S-shaped like the squid fibre 
‘inactivation’ curve. In this experiment the test pulse was applied some 


80 msec after the onset of the conditioning polarization; this time being 


necessary for the effect to develop fully as shown in Fig. 8 (for comparison 
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with the squid fibre see Hodgkin & Huxley, 1952c). The membrane potential 
at which the initial ionic current reversed from inward to outward was inde- 
pendent of the conditioning polarization. | 


mAjem? 
+40 


Fig. 5. Peak initial current density plotted against membrane potential during step polarization. 
From same experiment as Figs. 3a and 4. ee nee 
Step polarizations superposed on 15 mV hyperpolarization. Temp. 3° C. 


5 msec 


Fig. 6, bo.» final. of 


ted with 
42 mV from the resting potential. The step polarization was chosen so as to be associa 
maximum inward current, A, Step from 5 mV cathodal polarization. B, Step preceded by 
15 mV anodal polarization. Temp. 3° C. 
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The reversible nature of the conductance changes was investigated by 
repolarizing the membrane during the time of the initial inward ionic current 
(Fig. 9; cf. Hodgkin & Huxley, 19526). 


° 50 0 


Fig. 7. Ordinate, peak initial membrane current associated with sudden cathodal polarizations of 

58 mV from the resting potential, expressed relative to the maximum current. Abscissa, 

_ membrane potential preceding step polarization. Currents and potentials measured as shown 
on inset. Resting potential marked zero. Temp. 3° C. 


20 mV 


"0 10 20 30 5Omsec 
Time (msec) 
Fig. 8. Ordinate, ssid initial current (relative to the maximum) plotted against deen time 


interval between onset of preceding polarization (V;) Example shown 
in inset. Temp. 3° C. 
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L 1 
1 msec. 


rupted at the peak of the inward current. oa. 
‘ringing’.) Temp. 3° C. 


DISCUSSION 


A voltage clamp technique with sufficient reliability for quantitative experi- 
ments has been developed for the myelinated nerve fibre. The quantitative 


_ treatment of such data is a rather time-consuming task. It seemed, therefore, 


appropriate to present some results at this stage in a qualitative manner, 
since a number of questions concerning the applicability of the analysis of the — 
squid nerve to the properties of the myelinated nerve are illuminated by a 


- qualitative treatment of the present experiments. 


The membrane currents recorded in the present investigation were very 
similar to the squid fibre voltage clamp currents. The records of the initial 


_ surge of capacitive current were, however, complicated by ringing of the 


amplifier and by the complex nature of the impedance ED. The initial ionic 
currents in the frog fibre had the following characteristic properties: (a) the 
currents were smoothly graded with the step depolarization; (6) the time 
course of the current was S-shaped; (c) the current reached its peak more 
quickly with large pulses than with small; (2) the initial inward current reached 
a maximum value at depolarizations of 40-50 mV from resting potential; 

(e) the initial current reversed from inward to outward at a definite potential; 

(f) the potential for current reversal was unaffected by conditioning polariza- 
tion; (g) the potential for current reversal was shifted when the external 


sodium concentration was changed; (h) the initial current was larger when ~ 


test pulse was preceded by anodal polarization. 
There are naturally some differences between the present results and those 
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obtained on the squid axon. The more obvious points are: a, The ionic current 
densities appear to be much larger. 6, The curve relating the initial current 
and the pulse amplitude was steeper at medium-size pulses and showed some 
divergence from a straight line at the region of the largest depolarizations. 
c, The outward ‘ potassium current’ does not decline at long times. The decline 
was attributed by Frankenhaeuser & Hodgkin (1956) to the presence of an 


external barrier tentatively identified as the Schwann cell. It may be sig- 


nificant that Robertson (1957) reports a much more open arrangement of the 
Schwann cell processes at the node than has been seen in the squid fibre 
(Geren & Schmitt, 1954). 

These points are consistent with the idea that the initial ionic current was 
a sodium current just as in the squid fibre. 

‘Oscillations’ and ‘all-or-none’ regenerative responses, such as those re- 
ported by Tasaki & Bak (1957) for the toad myelinated fibre, were seen, but 
were regularly traced to insufficient stabilization of the membrane potential, 
and were therefore considered artifacts. With the present method these 


regenerative responses could be fully suppressed even in hyperpolarized fibres 


where the tendency to regeneration was much stronger, and the ionic currents 
were smoothly graded with time and with membrane potential. 

The initial current was regularly followed at all cathodal polarizations by 
a delayed outward current. This current showed great similarities with the 
potassium current in the squid fibre. We have never observed the absence of 
delayed outward current, such as has been described by del Castillo e¢ al. 
(1957, Fig. 2). The only cases in which we have seen relatively small outward 
currents have been in fibres that clearly had been damaged, and hyper- 
polarized before the test pulse. These fibres had shown ‘normal’ currents before 
the damage. 7 | 


All the properties of both the initial and the delayed currents were qualita- | 


tively the same as those of the squid fibre currents; it seems therefore safe to 
conclude that the myelinated nerve, when depolarized, undergoes specific 
conductance changes very similar to those described for the squid nerve. 
There are differences between the two nerves. At the moment it seems as if 
these differences were quantitative rather than qualitative. 

The conclusion of Tasaki (1956) and Tasaki & Hagiwara (1957), that the 
phenomenon of the abolition of an action potential with an anodal pulse is 
inconsistent with the voltage clamp analysis, is surprising in view of the facts 
that: (a) the abolition phenomenon during the rising phase has been previously 
illustrated and discussed (Hodgkin, Huxley & Katz, 1949); and (b) the mathe- 
matical formulation of the squid analysis permits a test of the hypothesis. 


We have calculated the effect of an anodal pulse, applied at the time of the — 
falling phase of the theoretical membrane action potential as described by the _ 


equations (Hodgkin & Huxley, 1952d) and found that the equations predict 
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an interruption of the action potential by the anodal pulse. The phenomenon 
is therefore fully consistent with the squid fibre analysis. Tasaki & Freygang 


_ (1955) concluded that the myelinated nerve does not undergo a change in 


potassium conductance during the action potential. That this conclusion, 
based on indirect evidence, could be correct seems doubtful because of the 
delayed currents described in the present paper. 


| SUMMARY 
1. A method of stabilizing the membrane potential of an isolated frog nerve 


fibre; end‘ ace This method involves two Secdbeck 


amplifier systems, the first for measuring the membrane potential and the 
second for stabilizing the membrane potential at desired values. 
2. A qualitative description of the membrane currents associated with step 


polarizations is presented. The currents have the following properties: 


(a) The currents are inward and small at anodal polarizations. 

(6) At small cathodal polarizations the currents are outward. 

(c) At cathodal polarizations of about 20-100 mV an initial transient in- 

ward current and a delayed lasting outward current were observed. 

(d) The initial current reversed its direction from inward to outward at a 

definite potential. 

(e) Both the initial current and the delayed outward current reached their 

maximum values more quickly at larger depolarizations. 

(f) The currents were continuously graded with the membrane potential. 

(g) The initial current was larger when the pulse.was preceded by anodal 

polarization. The effect of preceding polarization reached a limiting value 

at about 30 mV. 

(h) Repolarization of the membrane during inward current flow was asso- 

ciated with a large, rapidly declining ‘tail’ of inward current. 

3. There is a striking similarity between the membrane currents described — 
here and those observed in the squid fibre. It is therefore concluded that the 
frog nerve, when depolarized, undergoes specific changes in membrane con- 
ductance which are very similar to those in the squid giant nerve fibre. 

This investigation was supported by a grant from Stiftelsen Therese och Johan Anderssons 
Minne. 
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INCREASED FORMATION OF HISTAMINE 
pee IN THE PREGNANT RAT 


By G. KAHLSON, ELSA ROSENGREN anp H. WESTLING — 
From the Institute of Physiology, University of Lund, Sweden 


(Recewed 17 March 1958) 


So far it has not been possible to assign with certainty a part for histamine - 
in normal physiology. Considering its omnipresence and wide range of actions, 
when liberated or injected, this situation is envisaged ‘not without an inner 
feeling of disappointment’ (Rocha e Silva, 1955). 

There are no methods available for the accurate estimation of small changes 
in the histamine concentration of blood or plasma such as might possibly occur — 
during increased activity of certain tissues, e.g. the parietal cells of the gastric 
mucosa. It has been suggested that the estimation of histamine in the urine ~ 
is more likely to give information about the release of histamine in the body 
than investigations on venous blood (Adam, 1950; Gaddum, 1951). This 
promising approach is limited by the fact that the food commonly eaten by 
- man and laboratory animals contains substantial amounts of histamine, part 
of which is excreted in the urine. Further, with such a diet intestinal bacteria 
decarboxylate histidine to histamine, constituting an additional source of exo- 
genous histamine (Schayer, Wu & Smiley, 1954). Large amounts of urinary 
histamine derived from exogenous sources are likely to conceal increases in 
urinary histamine derived from increased production or release of endogenous 
histamine. Schayer, Davis & Smiley (1955) showed that in rats exogenous 
urinary histamine could be diminished by giving the animals a protein-free 
diet containing antibacteral agents. This procedure, however, seems hardly 
suitable for experiments over a long period of time. 

The complications due to exogenous histamine can now be overcome. It has 
been observed that in rats raised and maintained on a synthetic histamine-free 
diet the distribution and urinary excretion of histamine is the same as in 
germ-free-reared rats, accordingly devoid of intestinal bacteria, and fed on the 
same diet (Gustafsson, Kahlson & Rosengren, 1957). This similarity indicates 
that, even in normally kept rats fed as mentioned, histamine from exogenous 
sources does not contribute detectably to the awy excretion. | 
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Under these premises it was decided to reinvestigate the problem of liberation 
and production of histamine in various physiological conditions. In a first 
series of experiments reported here it was found that the rat, during a definite 
phase of pregnancy, excretes excessive amounts of histamine. A preliminary 
report of some of the observations has been given (Kahlson, Rosengren & 
Westling, 1958). 

MATERIALS AND METHODS 

Animals and diet, The observations were made on white rats of the same stock as those used 
in a previous report (Gustafsson e¢ al. 1957). The non-pregnant animals weighed 180-235 g and 
were kept under similar conditions as described in the paper referred to above. Each rat lived in 
a metabolism cage, which provided facilities for collecting urine and faeces separately. The 
composition of the synthetic diet is shown in Table 1. This diet was given as a paste. It was 
essentially histamine-free, the total histamine content being less than 0-002 yg/g as estimated 
according to Code (1937). The rats consumed 10-15 g daily, expressed as dry diet. Additional water 
was given ad libitum. wom The agents oxytetre- 


cycline (0-18 g/100 g dry diet) and syccinylsulphathi (3 g/100 g dry asta 
Taste 1. Composition of the diet 
Main constituents 
(g/kg diet) Vitamins (mg/kg diet) Vitamins (mg/kg diet) 

Casein 220 #=Vitamin A 21,000i.u. Nicotinamide 200 
Wheat starch 630 #Vitamin D 4,500 i.u. Choline 2,000 
Arachis oil 100 ~=s-: Vitamin E 500 Inositol 1,000 
Salt mixture* 40 Vitamin K, 10 Aminobenzoic acid 300 
Vitamin mixture 10 Thiamine 50 iotin 1 
Riboflavin 20 Folic acid 20 

Pyridoxin 20 Vitamin B,, 0-02 
Calcium pantothenate 100 Ascorbic acid 1,000 


* The salt mixture was the same as described by Hubbell, Mendel & Wakeman (1937). 


_ Vaginal smears were taken each morning and stained with methylene blue. For mating, 
the females were transferred for 24 hr to an ordinary cage containing a male rat kept on the same 
synthetic diet. The females were allowed to mate when in pro-oestrus or on the first day of oestrus. 
The day of removal from the male was considered to be the first day of pregnancy. The last full 
24 hr urine collection period before parturition was considered to be the last day of pregnancy. 

Assay and identification of histamine. Urine was collected in 24 hr samples and the estimation of 
free and in a few cases conjugated histamine was performed using the guinea-pig’s isolated ileum 
_ in Tyrode solution containing atropine, as described by Gustafsson ef al. (1957). The Tyrode 

solution contained (g/l.) NaCl 8-0, KCl 0-2, CaCl, 0-2, MgCl, 0-1, NaHCO, 1-0 and NaH,PO, 0-5. 
All histamine values given in the present paper refer to free histamine expressed as yg of the base. 

The urine from the last 7 days of the first pregnancy of one rat (No. 5) was pooled and the hista- 
mine content of the mixture estimated. The pooled urine was then made strongly alkaline and 
extracted three times with n-butanol (McIntire, Roth & Shaw, 1947) using a mechanical shaker. 
The butanol fractions were combined and shaken with dilute HCl to elute the histamine. The HC! 
eluate was freeze-dried and the dry residue taken up in a small volume of distilled water. This 
urine extract was assayed for histamine content and it was found that 76% of the original 
activity of the urine had been recovered in the extract. The extract was subjected to paper 
chromatography. 

Paper chromatography was carried out in an ascending system of n-butanol: ethanol: concen- 
trated ammonium hydroxide in the volume proportions 8:1:3. Whatman No. 1 paper was used. 
The histamine spots were located by spraying the paper with a didzo reagent (p-bromoaniline and 
sodium nitrite, as described by Urbach, 1949). Elution of histamine from ndn-speayed paper strips 
was achieved by cutting up parts of the strip in Tyrode solution. 
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The histamine-like effect of rat’s urine was also assayed on the blood pressure in cats under 
chloralose, the arterial blood pressure being recorded by a mercury manometer. Diluted, neutra- 
lized urine and histamine were given into a leg vein and the depressor responses compared. 

For studies on the effect of histaminase on the gut-contracting agent in rat’s urine a purified 
preparation of pig kidney histaminase was used. The enzyme preparation was made as described 
by Arvidsson, Pernow & Swedin (1956). Neutralized urine from animals not given aminoguanidine 
was added to the enzyme solution in an open test tube, kept in a water-bath at 37° C, and the 
rate of disappearance of the biological activity followed in serial samples. Concomitantly, the 
action of the enzyme preparation on an amount of pure histamine, corresponding to the activity 
present in the urine, was estimated. The procedures employed were the same as used by Lindahl, 
Lindell, Westling & White (1957). 

Extraction of tissues for histamine, Rats were killed by a blow on the head. The chest was opened 
widely and a blood sample obtained from the heart. Extraction of histamine from whole blood 
and from various tissues of the rat was made with trichloroacetic acid aceording to Code’s (1937) 
modification of the method of Barsoum & Gaddum (1935). Whole rats were extracted with the 
exclusion of the bony parts. The skin, except that on the tail, was removed, cut in small pieces 
and a portion from it extracted. The pooled soft parts (viscera and the skeletal muscles) were 
minced in a Waring blendor with a suitable volume of trichloroacetic acid. Determinations of the 
histamine content of tissues were carried out as previously described (Gustafsson et al. 1957). 

Histaminase inhibitor. Aminoguanidine sulphate (Fastman Kodak) was used. The drug was 
injected under the skin in the neck in a dose of 20 mg/kg once daily at 9.00 a.m. The assay of 
histamine in urine from animals given aminoguanidine was often carried out on a piece of guinea- 
pig ileum suspended in a Tyrode solution which contained aminoguanidine in concentrations ade- 
quate to make the amount of aminoguanidine possibly added with the urine negligible in ite 
effects. The values obtained in such assays were the same as in ordinary assays, indicating that 
aminoguanidine injected into the animal did not interfere with the assay, e.g. by potentiation of 
the effect of histamine on the gut. 3 


RESULTS 
Histamine excretion during undisturbed pregnancy 
Observations on the amount of histamine excreted in the urine during 


undisturbed pregnancy have been made on six rats, two of which were not 


followed continuously throughout pregnancy. In the other four rats daily 
estimations of histamine in the urine were made before, during and after 
pregnancy. In all six rats a conspicuous increase in the daily excretion of 
histamine was found in the last third of pregnancy. | | 
The mean daily histamine excretion before pregnancy varied from 18 to 
43 ug/24 hr in the four rats (Table 2). During the first two weeks of pregnancy 
the values tended to increase slightly in three rats, but there was no striking 
change as compared with the values before conception. At the 15th day of 
pregnancy a distinct and steep increase in the excretion of histamine ensued 
in all four rats that were followed continuously (Fig. 1). The highest values 
observed varied from 123 to 835 yg/24 hr. The peak value in each rat was 


found 1 or 2 days before the birth of the young. 


The increase in histamine excretion seemed to be larger the greater _ 
number of young in the litter. Thus the highest values for histamine excretion 
were seen in rats No. 1 and 5 (835 and 536 g/24 hr, respectively) which had the 
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: largest litters (9 and 8 young, respectively). The increase in histamine excretion 
. was rather small in rat No. 4, which bore one young. From Table 2 it will 
further be seen that the increase in histamine excretion was out of en 
to the increase in body weight during ny 


histamine excretion refer to yg of free histamine excreted in 24 hr; mean values for several — 
days are given. The italic figures in brackets beside the mean values indicate the number of 
observations; the figures in brackets below the mean values are the extreme values observed 

Rat No. _... 1 3 4 


Body weight before pregnancy (g) 185 230 235 
a Body weight at end of pregnancy (g) 250 280 260 
a Approximate duration of pregnancy | 

(days) : 22 24 23 
6 1 


5 
180 
230 
22 
F No, of young in litter | | 9 8 
Mean histamine excretion before | 
Mean histamine excretion during pregnancy : 
a ‘a, days 1-7 26 (7) 24 (6)* 39 (7) 35 (7) 
(21-33) (17-34) (27-53) (25-39) 
b, days 8-14 25 (6)* 32 (7) 32 (7) 
(20-65) (20-81) (18-39) (21-42) 
cg from 15th day until end = 291 (8) 181 (10) 74 (9) 272 (8) 
(187-835) (52-228) (35-123) (105-536) 


* One sample lost. 


Rat no. 4 300: Rat no. 3 4+ 2 young 


| 
1 young - Mated 
0 


Rat no. 5 


9 young 


Daily of histamine (ug) 


Mated 


_ Days Days 

- 1, Urinary excretion of histamine before, during and after pregnancy in four rats, The arrow | 
indicates the day of parturition. Onset of raised excretion occurred at the 15th day following =} 

q mating ; fall in excretion on the day before parturition. Note relationship between histamine 

4 output during the last third of pregnancy and number of young. In rat No. 1,8 +T indicates 

a administration of antibiotic drugs during 3 days. 
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In three rats estimations of urinary histamine after thorough hydrolysis 
with hydrochloric acid were made before and during the last third of pregnancy. 
The histamine content of the urine did not increase significantly after hydroly- 
sis, indicating that conjugated histamine was not excreted in appreciable 
amounts. This is in agreement with previous reports on non-pregnant female 
rats (Gustafsson et al. 1957). | | 

The increased histamine content of the urine during the last third of preg- 
nancy could possibly in part have been due to contamination with cellular 
material from the vagina. Therefore, in one rat, the histamine content was 
estimated in a sample of urine, voided directly from the urethra into a beaker. 
This urine was centrifuged thoroughly, diluted and assayed immediately. Its 
content of histamine was 17-0 ug/ml. The histamine concentration in the 
regularly collected urine from the previous 24 hr was 19-5 ug/ml. It thus 
seems likely that the increased histamine content of the urine is not due to 
any contamination during the collection period. | | | 

An experiment was made to see whether in the rat intestinal bacteria pro- 
duced more histamine from the dietary histidine during pregnancy, thus 
adding an exogenous contribution to the urinary histamine. It has been found 
by Wilson (1954) and by Schayer e¢ al. (1954) that in normally fed rats 
production of histamine by intestinal bacteria can be depressed considerably 
by giving antibacterial substances by the mouth. In rat No. 1, during the 
17th, 18th and 19th days of pregnancy, the synthetic diet was mixed with 
oxytetracycline and succinylsulphathiazole in three times the amount used by 
Schayer et al. (1954). This treatment did not materially affect the progressive 
increase in the histamine excretion. It is therefore unlikely that the increase 
in urinary histamine is derived from bacterial sources. 

Evidence that the substance in pregnancy urine is histamine 

There is good reason to believe that the substance in normal female rat’s 
urine, which contracts the guinea-pig’s ileum under the present conditions, is 
_ identical with histamine (Leitch, Debley & Haley 1956; Gustafsson et al. 1957). 
The following results demonstrate this identity also for the gut-contracting 
agent observed to appear in large amounts in the urine in the last third of 

The active agent in the pregnant rat’s urine caused the same type of con- 
traction of the guinea-pig’s ileum and gave the same dose-response curve as 
histamine, The contractions caused by pregnancy urine and by histamine were 
equally depressed and returned in a parallel manner after mepyramine (Reuse, 
1948). The biological activity of pregnancy urine disappeared on incubation 
with @ purified: histaminase preparation from pig’s kidney, and the rate of 
disappearance was the same as that of an equivalent amount of histamine. 

Diluted urine from one rat was assayed for histamine-like activity on the 
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cat’s blood pressure. The values for histamine content of urine samples 
collected before, during and after pregnancy agreed well with those found on 
the guinea-pig ileum. When mepyramine had been injected to the cat the 
depressor effect of urine was diminished to the same degree as were the 
depressor effects of histamine. 

On paper chromatography of freeze-dried urine from rat No. 5 in the last 
third of the first pregnancy and spraying the paper with a diazo reagent, a spot 
appeared which had approximately the same R,y value as histamine. If hista- 
mine and the freeze-dried urine were put together on the chromatogram only 
one spot emerged. On elution of non-sprayed strips of paper it was found that 
the gut-contracting agent could be recovered from an area corresponding to 
the diazo-coloured spot on the sprayed strips. The other parts of the non- 
sprayed strip yielded no biological activity on elution. 

The sum of evidence presented thus strongly indicates that the agent 
appearing in the urine of pregnant rats is identical with histamine. Additional, 
indirect, evidence of the identity is presented in the following section, where 
it is shown that the excretion of the active agent was increased under the 
influence of aminoguanidine, a histaminase inhibitor. 


The effect of aminoguanidine on the exeretion of histamine 
im the pregnant rat 


The effect of the histaminase inhibitor aminoguanidine on the pattern of | 
histamine excretion during pregnancy was studied for various reasons. In the — 
rat histaminase appears to be the most important enzyme for histamine in- — 


activation (Schayer, 1953). Aminoguanidine is capable of inhibiting hista- 
minase activity in the living rat in doses which seem to have no untoward 
effects (Schayer, Kennedy & Smiley, 1953). Further, the effect of amino- 
guanidine was of interest because of the high histaminase activity in the 
uterus and placenta of pregnant rats, observed in vitro by Roberts & Robson 
(1953). Roberts (1954) also noted that large doses of aminoguanidine, given 


to rats during pregnancy, had a deleterious effect on the foetuses and/or the — 


mother. 
The dosage of aminoguanidine used in the present experiments, 20 mg/ kg 


once daily, is twice as large as that reported to give almost complete inhibition © 


of histaminase during 24 hr in the intact rat (Schayer et al. 1954). We found 


that in non-pregnant rats an increase in dosage to 50 mg/kg twice daily did — 


not materially increase the urinary histamine above the level obtained by the 


single 20 mg/kg dose. Thus the 20 mg/kg dose appears to be sufficient for — 
complete inhibition of histaminase. In the pregnant rat the situation may — 


possibly be different, but no attempts have been made to elucidate this point 


further. Considering the reported harmful effect of —— on ed 


nancy it was not — advisable to-increase the dose. 
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The basal excretion of histamine in non-pregnant rats was increased three 
to four times by aminoguanidine (compare the figures of Tables 2 and 3). 
In seven pregnant rats to which aminoguanidine was given, extremely high 
values of histamine excretion were found during the last period of pregnancy. 
In three of these rats (Nos. 3, 4 and 5) excretion was followed continuously 
and the results are shown in Table 3. In these three rats histamine excretion 
had been followed during a preceding pregnancy without aminoguanidine 
treatment and the results are given in Table 2. In Fig. 2 the daily urinary 
excretion of histamine is also given for rat No. 5 before, during and after the 
two successive pregnancies. Essentially the same pattern of histamine excre- 
tion occurred in the pregnant rats whether they had received aminoguanidine 
TABLE 3, Urinary histamine excretion in pregnant rats under the influence of aminoguanidine. 

Same rats as in Table 2. For explanations see Table 2. Rat No. 5 received aminoguanidine 
(20 mg/kg once daily) before and throughout pregnancy, rats No. 3 and 4 for 2 days before 


pregnancy, for 2 days during the first week of pregnancy and from the 10th or 11th day of 
pregnancy, respectively, until after parturition 


Rat No. —_... 3 4 5 
Body weight before pregnan | 235 235 180 
Body weight at aa of Se (g) 270 260 235 
Approximate duration of pregnancy (days) 23 22 23 
4,87) (77,95) 

histamine excretion during pregnancy 
a, days 1-7 79 (2) 142 (2) 105 (7) 
(65-94) (131-152) (77-120) 
b, days 8-14 96 (5) 119 (4) 116 (4) 
| (84-108) (94-128) (86-144) 
¢, from 15th day until end 503 (9) 381 (8) 760 (9) 
(230-748) (168-495) (274-1620) 
| 1620 
Q 
1000 f 
900 | Rat no. 5 
700- 
600- 
<= 
500- 8 young young 
200; 
100 ; | 


0 5 10 15 m0 2 30 40,45 SO SS 60 65 70 75 9 8 

: days Aminoguanidine (20 mg/kg/day) 

Fig. 2. Urinary excretion of histamine in rat No. 5 betore, during and after pregnancy, in two 
successive pregnancies; the first without, the second under the influence of aminoguanidine, 
the first with 8 and the second with 6 young; arrow indicates day of parturition. 
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or not. The increase in histamine excretion did not begin earlier under the 
influence of aminoguanidine but, as seen in Fig. 2 for rat No. 5, started also 
on the 15th day. A possible exception occurred in rat No. 4, in which two 
high values were observed during the first week of pregnancy with amino- 
guanidine treatment. In the second week, however, the histamine excretion 
was again much the same as that obtained before or after the pregnancy. 


A comparison of the results given in Tables 2 and 3 shows that in all three _ 


rats aminoguanidine greatly increased the histamine excretion during the last 

third of the pregnancy. The increase is particularly striking in rats Nos. 3 and 5, 
because these rats had smaller litters in their second pregnancies when amino- 
guanidine was given. In the small number of rats studied aminoguanidine in 
the given dosage appeared to have no harmful effect on the course of pregnancy. 


Distribution of histamine in pregnant and non-pregnant rats 

Four pregnant and four non-pregnant rats were examined, the pregnant 
ones at periods when the urinary histamine was known to be at high levels. 
All rats had been given aminoguanidine, 20 mg/kg, once daily, for at least 
10 days before they were killed. | 

The various tissue samples and the foetuses were removed and extracted 
for histamine. The values obtained are given in Table 4. The histamine 
content of the soft tissues in pregnant rats was 7-2+0-33 (mean+s.z.) and 
in non-pregnant rats 5-6+0-42 ug/g. The difference is probably significant 
(P<0-05). The pregnant uterus on the other hand contained less histamine 
(2-0 + 0-25 g/g) than the non-pregnant uterus (8-5 + 1-6 g/g), the difference _ 
being significant (P<0-01). 


TABLE 4, Distribution of histamine (ug/g) in pregnant and non-pregnant rats 
Pregnant — Non-pregnant 
RatNo. 
Day of 20 20 19 20 
No. of foetuses 9 7 


© 
bo 
wo 


Urinary histamine in preceding 24 hr 700 “; 670 870 120 67 7 = 137 
Placenta (foetal)* 4-4 28 35 
Uterus 1-6 81 114 61 
Foetus (mean of two) Sl 42 33 —- — 
Whole blood 28 ft Is 19 Ll 29 Of 03 
Skin (total) 260 144 18:7 159 17-7 196 140 15-0 
Soft tissue (mean of duplicates) 73 80 65 68 64 48 50 63 


* 3-5 placentas were pooled and extracted; + not examined. 


Neither the foetal placenta, the uterus proper or the foetuses are conspicuously 
rich in histamine; they rank rather among tissues where the histamine con- 
centration is low. For comparison, figures for some other tissues from six non- — 
pregnant rats fed on a histamine-free diet and examined in this laboratory are 
given (Gustafsson et al. 1957): lung 3-5-8-0, small intestine 9-4—28- 5, gastric 
mucosa 28-5-53-9, muscle 1: Bie: 
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DISCUSSION 
The increased excretion of histamine in the pregnant rat reported in the present 
paper is the result of an increased production of the amine. This can be inferred 
from simple arithmetic: when histamine is protected from destruction by 
inhibiting the histaminase the urinary excretion in 24 hr may exceed theamount 
of histamine present in the whole body. The actual rise in production is prob- 
ably greater than the increase in urinary excretion, since even with complete 
inhibition of histaminase a considerable and so far unknown proportion of 
histamine endogenously produced is not excreted in the urine (Schayer et al. 
1954). | 

The distribution and whole-body content of histamine appear to be the 
same in pregnant and non-pregnant rats. Neither the uterine tissues nor the 
foetuses were conspicuously rich in histamine. However, the relationship be- 
tween the number of young in the litter and the amount of urinary histamine 
points towards the uterus and its contents as the source of the increased hista- 
mine formation. 

In non-pregnant rats fed with synthetic histamine-free diet the urinary 
histamine is of endogenous origin. In the pregnant rat also it appears that 
histamine from exogenous sources does not contribute to the urinary excretion, 
since antibacterial drugs added to the diet did not alter the pattern of in- 
creased histamine excretion. In the present experiments the excess urinary 
histamine could be derived from one or more of three possible sources: — 
(1) maternal tissues specifically concerned with the elaboration of histamine 
during pregnancy; (2) foetal tissue; (3) the kidneys. Little is known about 
the capacity of the kidney to decarboxylate histidine and its contribution to 
urinary histamine. It has been reported that in the rat aminoguanidine does 
not significantly increase the amount of C-histamine in the urine following 
injection of 40-histidine, which is taken to indicate that this histamine was 
not exposed to histaminase, which again suggests formation of histamine in 
the kidney followed by immediate excretion (Schayer et al. 1954). This is in 
agreement with the original observations by Holtz & Credner (1944) who 
injected histidine in guinea-pigs and found an increased excretion of histamine 
in the urine. In pregnancy the possibility of histamine formation in the kidney 
deserves consideration on account of the increased urinary excretion of histi- 
dine during pregnancy (for references see Christensen, Date, Schonheyder & 
Volqvartz, 1957). However, the significant increase in the pre-pregnant level 
of urinary histamine and the enormous rise during pregnancy under the 
influence of aminoguanidine indicate increased production mainly of extrarenal 

origin. 
Substantial evidence of changes in histamine metabolism in pregnancy 1s 
provided ‘by observations on the histaminolytic power of various — (for 
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references see Roberts & Robson, 1953). In the rat Roberts & Robson (1953) 
found a large increase in histaminase activity of the uterus and placenta 
during pregnancy. These authors speculate that the function of uterine and 
placental histaminase is to protect the uterus against histamine liberated as 
a result of break-down and degeneration of tissues related to the uterus. It has 
further been reported (Robert* 1954) that in the rat aminoguanidine in doses 
producing more than about 50% inhibition of the maternal placental hista- 
minase leads to a general disturbance of the course of pregnancy; large doses 
tended to produce death of the mother, smaller doses tended to kill part of or 
all the litter and some of the mothers. According to Roberts this again suggests 
that histaminase protects the mother against histamine and diamines during 
pregnancy. 

A suggestion that histamine may be the chemical stimulus of the ovum 
responsible for initiating placentation in the rat comes from Shelesnyak (1952, 
1954, 1957). He found that various antihistamines when instilled into a uterus 
horn suppressed the decidual cell response and inhibited normal ova-implanta- 
tion of pregnancy; when given subcutaneously on successive days the anti- 
histamine drugs interfered with foetal development but did not inhibit decidua 
formation or nidation. The effect was attributed specifically to the antagonism 
of the drugs to histamine and not to some other known side action of the anti- — 
histamines. 

A suggested relationship between histamine metabolism and the thyroid 
gland is mentioned on account of reports on increased thyroid activity during 
pregnancy. Parratt (1957) found up to a fivefold increase in urinary excretion of 
_ free histamine in rats given daily subcutaneous injections of sodium-L- 

thyroxinate (1 mg/kg) for 1-3 weeks. Whether and to what extent increased 
thyroid activity plays a part in the increased histamine production in rat — 
pregnancy can only be revealed by specially designed experiments. | 

There is evidence suggesting that during pregnancy the activity of the adrenal 
cortex is increased. Among the influences responsible for this augmented 
activity the increased production of histamine may possibly provide auxiliary _ 
stimulus. It has been shown that in rabbits histamine, when carried in the — 
general circulation, constitutes an effective stimulus to increased secretion of — 
ACTH from the adenohypophysis (Fuche & Kahlson, 1957). 

It is of interest to consider what changes occur in the rat at about the 15th 
day of pregnancy and the day before parturition, where the two turning points 
in histamine excretion were observed. From the 11th to 15th day after mating 
vascular connexions between maternal and foetal placentas develop; the 15th 
day marks the onset of rapid growth of the foetus. As to the last day of preg- 
nancy it has been shown in the rabbit that on this day the progesterone level 
falls sharply (Schofield, 1957; Bengtsson, 1957). Corresponding exponents : 
on the rat are not known to the present authors. 7 
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It is not known whether the increased histamine excretion in pregnancy is 
specific for the rat or occurs in other species as well. The increased histamine 
excretion reported by Ungar & Pocoulé (1937) in human pregnancy could not 
: be confirmed by Werle & Effkemann (1940), nor could Wicksell (1949) find 

any significant changes in the levels of plasma histamine and urinary excretion 
of histamine before, during and after parturition. 

The function of the increased production of histamine in rat pregnancy is 
unknown. One useful purpose could be served by the fact that in the rat 
histamine inhibits the smooth muscle of the uterus (for literature see Feldberg & 
Schilf, 1930). For the pregnant uterus not to contract under the stimulus of 
distension by the growing foetuses requires some sort of block or inhibition of 
its smooth muscle. Such inhibition appears requisite mainly during the period 
of rapid growth of the foetuses and should be withdrawn just before parturition. 
This time course coincides with the period of increased production of histamine. 


1. In rats fed on a synthetic histamine-free diet the urinary excretion of 
_ histamine was examined before, during and after pregnancy. 
2. At about the 15th day of pregnancy a distinct and steep rise occurred in 
the excretion of histamine. The peak values occurred 1 or 2 days before the 
: birth of the young. 
| 3. On the day before parturition the histamine excretion fell steeply 
towards the pre-pregnant level. 
4. There was a relationship between the increase in histamine secretion 
during pregnancy and the number of young in the litter. The greater the 
number of young the greater the increase in histamine secretion. This suggests 
_ that the excessive formation of histamine during the last third of pregnancy 
} takes place in the uterus and its contents. 
: 5. Under the influence of the histaminase inhibitor aminoguanidine, the 
general pattern of histamine excretion in non-pregnant and pregnant rats 
remained unchanged, but the total amount excreted increased. At the end 
of pregnancy the daily excretion occasionally exceeded the histamine content 
of the whole body. | 

6. Aminoguanidine in the doses employed did not detectably interfere with 
the course of pregnancy and parturition. 

7. The distribution of histamine in the body did not change laine 
pregnancy. 

This investigation was supported by a grant from the Rockefeller Foundation. 
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THE DYNAMICS OF MUSCULAR CONTRACTION 


| By J. M. RITCHIE anp D, R. WILKIE | 
From the National Institute for Medical Research, Mill Hill, London, N.W.17 
and The Department of Physiology, University College London — 


(Received 27 March 1958) 


It is well known that the height of an isotonic after-loaded twitch depends on 
the load lifted by the muscle; thus the larger the load the less it is lifted. The 


exact explanation of this fact is not clear. As Fenn (1923) showed, it is not 


simply that during a twitch a fixed unit of energy is liberated that can be used 
either to lift a heavy load through a short distance or a light load through © 
a long one; for Fenn, and more recently Hill (19492), have demonstrated that 


the energy liberated by the muscle varies in a complex way with load and 


shortening. 

_ A simple qualitative explanation emerges from combining two known facts 
about muscle: first, that the velocity of shortening of the fully active tetanized 
muscle is a function of the force (Fenn & Marsh, 1935; Hill, 1938); and 
secondly, that after a single stimulus the muscle is fully active for a more or 
less fixed period of time (Hill, 1949b; Macpherson & Wilkie, 1954; Ritchie, 
19544). Thus, the smaller the load, the higher the velocity and the further the 
muscle will be able to shorten in that fixed time. If at the end of this time the 
activity suddenly ‘disappears, the curve of twitch-height against load should 
have the same shape as the curve of velocity against load, and this is found 
to be roughly the case. However, the conditions during muscular contraction 
are much more complicated than this, for the active state following a single 
stimulus disappears gradually and not suddenly (Hill, 19496). Also, as the 
muscle shortens it moves to a less powerful region of its tension—length curve. 
For both these reasons the velocity of shortening falls off gradually throughout 
the twitch. 

A theory which explains both the shape and the size of a muscular contrac- 
tion under any specified mechanical conditions has to take all these factors 
into account. We have tried to develop such a theory, but only for the phase 
of contraction because the mechanics of relaxation are still not understood 
quantitatively. | 
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THEORY 


The problem is to describe the dynamical behaviour of contracting muscle in 
terms of the known mechanical properties of the contractile substance of active 
muscle, i.e. to show how muscle length, force and time (z, P and ¢) are related 
throughout a contraction. It is assumed that the muscle consists of two 
elements arranged in series, a contractile element of length Le and an elastic 
element of length ze. | 

Thus 


The following four curves must be determined experimentally. 
(1) Lhe load-extension: curve of the series elastic component. This passive 
element is important because all the experimental records have to be corrected 
for the distortion which it introduces. The form of this curve is expressed 
algebraically by saying «,=f,(P). 
(2) The tension—length curve. This can be determined either by. tetanizing 

a muscle at fixed length and measuring the final tension developed, or by 
allowing a tetanized muscle to shorten fully against a constant load, ie. 
Po is determined for the condition dz,/dt=0. 
(3) The force-velocity curve. For a given constant force the initial velocity 
of shortening of a tetanized muscle is measured at body-length Lp, i.e. 
— dz/dt = —dz,/dt=f,(P), is determined at corresponding to Lp. 
(4) The active-state curve. After a stimulus the muscle takes some time to 
return to its resting state; the ability to develop isometric tension diminishes 
with time, i.e. P, =f, (¢) at a given 2, for the condition that dz,/dt=90. 
These four curves may be accurately determined on a single muscle, but 
each gives only a partial picture of the active muscle. What happens when P, 
z and ¢ vary together, as they do in the living body? One approach to this 
complex problem is to use Hill’s equation, which makes it possible under 
‘suitable conditions to write for —dz,/dt=/,(P) the algebraic expression: 

—dx,/dt =(Py—P) 6/(P +4); 

a and b being constants. We have allowed for the way in which isometric 
tension development varies with muscle length by writing for P, the expression 
x(x) fa(t)/P%, where P* is the isometric tension when x, corresponds with Ly. 
This is the same as the Py of Hill’s original equation and iss constant for each 
muscle, The whole equation then becomes: 


di ‘dt P+a 


During isotonic contraction the second term is zero. 
Preliminary experiments were in promising agreement with this theory, so 
the matter was examined more closely. 
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EXPERIMENTAL TECHNIQUE 


The experiments were carried out on frogs’ sartorii at 0° C in Ringer’s fluid: (mm) NaCl 115-5, 
KCl 2-0, CaCl, 1-8, Na phosphate buffer (pH 7) 2. The muscles were maximally stimulated by 
alternating condenser discharges (time constant 0-1 msec) on a multi-electrode assembly. The 
arrangements for mechanical recording, the connexions, etc., were essentially similar to those 
already described (Wilkie, 1956a, 6). Since the calculation depended on maintaining the muscle 
in a steady condition throughout a long series of measurements, the number of tetani was kept 
to a minimum in each experiment. Stimuli were given automatically at regular intervals, usually 
every 2 min, whether records were being taken or not, y Mate. 
The four curves required were determined in the following way: 

(1) Load-extension curve of the series elastic component (Fig. 14). The shape of this curve was 
determined by the quick-release technique (Aubert, 1956, p. 76; Wilkie, 19560). Unfortunately 
no method is known of measuring 2,, the actual length of the elastic component. Moreover, 
z, becomes indeterminate when the force is very small. We have therefore called z, zero at the 
lowest tension with which we are concerned, 1-5 g wt. This is equivalent to subtracting an unknown 
constant from x, and adding it to z,, and does not alter the result of our calculation. 

(2) Tension-length curve (Fig. 1.B). Most of the experimental points (open circles) were obtained 
by adjusting the muscle to various initial lengths and recording the tension developed in an 
isometric tetanus (30 shocks/sec). This procedure is not satisfactory with short initial lengths (say, 
less than 23 mm in a 36 mm muscle) because the muscle is so slack that it does not make reliable 
contact with the electrodes; the points corresponding to short muscle lengths were therefore found 
by measuring the total shortening in an isotonic tetanus under the required small load. The points 
obtained by the two methods always cross-checked satisfactorily with one another. All points 
were then corrected for the change in length in the series elastic component and connexions (solid 
circles, Fig. 1), in order to determine x. The topmost solid circle gives the value of x, corresponding 
with 

(3) Force—velocity curve (Fig. 1C). This was determined from the initial slope of after-loaded 
isotonic contractions against various loads, Tetani were used for the large, and twitches for the — 
small, loads. Hill’s constants a and b were determined by fitting a theoretical curve to the points 
in Fig. 1C. Although the measurements with different loads were all made with the muscle at L,, 
x, will have been smaller when the tension was higher because the muscle had to contract iso- 
metrically before it begins to lift ite load. This almost certainly does not matter when, as in Fig. 1, 
all the relevant values of x, lie on the flat top of the tension—length curve. In other cases, when 
the local P, was less than its maximum P#, a small approximate correction was made by multiply- 
ing the measured velocity by (P# - P)/(P, -P). | 

(4) Active-state curve (Fig. 1D). This was determined by recording the redevelopment of tension 
resulting from a 3 mm release at various times after a single shock (Ritchie, 19546). The solid 


circles represent the active-state curve at the standard length, L,, and the open circles, the curve 
at L, -6 mm. 


Legend to Fig. 1 

Fig. 1. The four characteristic curves of a single frog’s sartorius at 0° C. L,=32 mm, wt. =88 mg. 
A: load—extension curve of series elastic component. B: tension—length curve. The open 
circles are the measured points; the solid circles are the same points corrected for the change 
in length of the series component, i.e, they give values of 2,. The region to the left of the 
broken line is the ‘reversible zone’ (see text). : force-velocity curve. The curve has been 
drawn from Hill’s equation with a = 13-65 g wt., b= 16-5 mm/sec, P,=49 g wt. D: active- 
state curve. Ordinates, intensity of the active state in %; 100% represents 49 g wt. 
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CALCULATION AND RESULTS 


_(fal%o)- 
P+a 


a, b, fo(arp), f(t) and P¥ have been determined experimentally, so that for each 
chosen value of the rat force P, the curve of z against ¢ can be calculated. 
As the equation cannot be integrated algebraically we tested our equation in 
the earlier experiments directly in the differential form. Values of dz/dt were 
obtained from experimental curves of x against ¢ by measuring their slopes at 
chosen values of a or t. Thus we were able to calculate the shape of the function 
f(t) or of f(ve) and to compare the one or the other with the corresponding 
experimentally determined curves. 

A more satisfactory procedure, which was adopted later, was to integrate 
the equation directly, thus obtaining the amount of shortening z as a function 
of the time ¢t. This was kindly done for us on a differential analyser by the 
Department of Mathematics at the National Physical Laboratory. The result 
is shown in Fig. 2, where theoretical curves (full lines) are compared with 
experimental ones (circles) for after-loaded isotonic twitches starting at the 
body length L, (Fig. 2.4) and also for twitches starting at a shorter length, 
L,—6 mm (Fig. 2B). The general agreement between theory and experiment 
is quite good, although it should be noted that some of the agreement is 
arbitrarily imposed by the nature of the mathematical procedure used. Thus 
the initial slopes of the corresponding experimental and theoretical curves in 
Fig. 2.4 are obliged to be the same; this restraint does not apply to Fig. 2B. 
Nevertheless, some discrepancies are obvious. 

The same degree of agreement between theory and experiment as that seen 
in the experiment of Fig. 2 was found in the seven complete experiments that 
were done though the discrepancies did not fall into any perceptible pattern. 
The agreement has certainly not been improved by the various refinements 
and elaborations we introduced from time to time in the hope of improving 
the precision of our result. No great improvement resulted from correcting all 
lengths carefully for the changes in the series elastic component or changing 
the active-state curve so as to be a function of muscle length as well as of time 
(see Ritchie, 19546); both corrections were applied in the calculation of Fig. 2. 


In the equation 


DISCUSSION 


As a result of the experiments just described it seems to us that the discre- 
pancies between theory and experiment are genuine and are not random 
experimental uncertainties, as we had at first supposed. Some at least 


of the discrepancy must arise from properties of muscle that our theory has 
neglected. 
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Fig. 2. same muscle as in Fig. 1. 
O, points from the experimental curves; —, theoretical curves derived from Fig. 1. A, initial 
a muscle length was L, (32 mm); B, initial muscle length was Ly - -6 mm. The tension in g wt. 

is indicated beside each curve. 
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Our theory supposes that the muscle becomes fully active immediately after 
the stimulus and that at every instant afterwards its velocity of shortening is 


a function only of the force acting and of the muscle length, without any 


reference to its previous history, until the active state begins to decline. The 
degree of accuracy with which these assumptions are obeyed can be gauged 
from Fig. 3, which is an experimental record of an isotonic tetanus against 
a tension of 5 g wt., in which the after-loading stop was moved 80 as to alter 
the initial length of the muscle from L, — 4 mm first to L, and then toL,)+4mm. 


- 4mm 


+4mm 


0 


Time (sec) | 
Fig. 3. Isotonic tetani (30 shocks/sec) against a tension of 5 g wt. beginning at L, -4 mm (upper 
line), Z, (middle line), and L, +4 mm (lowest line). Abscissa, time after beginning of stimulus 
(sec). The system recording length becomes somewhat non-linear at lengths greater than 
Sartorius, L,=32 mm, wt. =105 mg. 


The final length of the muscle is almost the same in the three cases but during 
the contractions the curves at any given muscle length are not exactly parallel 
to one another, though they should be parallel if the theory were strictly 
obeyed. The discrepancy is most striking in the contraction that begins at 
L,—4 mm, and it canbe detected in the one beginning at L,. This presumably 
means that the active state takes some time to reach its maximum especially 


at the shorter length. Even the condition (satisfied in Fig. 3) that the final — 
length of the muscle be independent of the initial length, only applies if the 


initial length has been kept within the ‘reversible zone’ whose boundary is 
indicated by the broken line in Fig. 1B. Otherwise, for example, if the muscle 
is free-loaded, the final contracted length does depend on the initial length and 
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} equations like the one we used cannot be obeyed (Blix, 1895; Buchthal, Kaiser 

& Rosenfalck, 1951; Maréchal; 1955). A number of other situations are known 
in which a muscle’s behaviour depends on the whole history of the contraction 
(see, for example, Katz, 1939; Abbott & Aubert, 1952) rather than on the . 
conditions at each instant. 

Moreover, as A. V. Hill has frequently pointed out, a muscle is not of 
y perfectly uniform strength along its length. The effect of this non-uniformity 
will be only partly neutralized by our having measured the four basic curves 
on the same, non-uniform, muscle. 

The equation we used is a development of Hill’s well-known equation which 
has the merit that in it mechanical and thermal parameters are combined. 

However, in the course of examining many force—-velocity curves we have 
} found a fair proportion, about a third, that are not fitted well by Hill’s 
equation, because they have a straight region at the high-force low-velocity 
end, i.e. the muscle lifts a heavy load faster than is predicted by Hill’s equation. 
In such cases, Aubert’s equation (1956, p. 223) often gives a better fit. This 
discrepancy was not noticed in earlier work probably because of the consider- _ 
able uncertainty that used to exist about the appropriate value of the isometric — 
tension (see, for example, Abbott & Wilkie, 1953, fig. 3). Here, too, we are not 
dealing with random errors, for a given muscle consistently gives a force- 
velocity curve of the same shape. 

In this situation there is much to be said for the more empirical approach 
to the problem adopted by Carlson (1957), which is not tied down to any ~ 
specific algebraic formula for the force-velocity curve. His equation for the 
| motion of a tetanized muscle is : 


where F,(z) and F,(dx/dt) are empirical functions describing the shapes of the 
tension—length and force-velocity curves respectively. This corresponds to a 
physical model comprising a non-linear elastic element in parallel with a non- 
linear viscous one. 

For the tetanic case our own equation reduces to 


_ dx 
dt Pta 


} sine f,(t)=constant = Pf. This equation was shown by Abbott & Wilkie (1953) 
to be obeyed with reasonable accuracy. We have tested the two equations 
- side by side against the same experimental results on two occasions when we 
found somewhat better agreement with Carlson’s equation than with ours. 
However, with both equations the discrepancies between theory and experi- 
ment were substantial enough to make it difficult to decide on their relative 
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merits. Aubert’s equation, modified so as to take account of the change in 
isometric tension with length, gave no better result. | 
The present investigation illustrates a familiar dilemma, that as experi- 
mental precision improves it usually becomes harder to fit experimental results 
into a theory. We think that, at least as far as present theories of muscular 
contraction are concerned, the precision of our experiments may have reached 
(or passed) the limit of usefulness. Nevertheless, we are able to draw some 
general conclusions that bear on the nature of the contractile mechanism. 
Regardless of the rate at which mechanical work, heat production or shortening 
takes place, the contractile machinery is switched on for a more or less fixed 
time following a single shock. The ability to shorten actively and the ability 
to develop tension run parallel with one another and to a first approximation 
the dynamical behaviour of the muscle depends on the mechanical conditions 
at each instant and not on the full history of the whole contraction. The 
secondary phenomena that are revealed by study in detail are of a kind that 
cannot easily be allowed for quantitatively and are of such a magnitude that 
they make it impossible to decide critically between one theory and another. 


SUMMARY 


1, A mathematical formulation is proposed to account for the mechanical 


changes in a muscle twitch. 

2. This theory has been tested by making an extensive series of different 
mechanical measurements on a single muscle. Some of these measurements 
were then used to calculate theoretical values for the other measurements, the 
comparison providing a test of the theory. | | 

3. The scope and limitations of this theory and of other theories of muscular 
contractions are discussed. 
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_A STUDY ON THE MECHANISM OF IMPULSE TRANSMISSION 
ACROSS THE GIANT SYNAPSE OF THE SQUID 


By 8. HAGIWARA* ann I, TASAKT 
From the Laboratory of Neurophysiology, National Institute of Neurological 


Diseases and Blindness, National Institutes of Health, Public Health Service, — 


U.S. Department of Health, Education and Welfare, Bethesda, Maryland 
(Received 31 March 1958) 


The structure of the axo-axonal synapses in the stellate ganglion of the squid 
has been investigated by several anatomists and physiologists. In 1939, Young 
published the results of his gross anatomical and histological studies on the 
synapses in this ganglion. He showed that a large axon (about 100 in 
diameter) which has its origin in a higher ganglion divides in this ganglion into 
about ten smaller branches. Each of these branches ends blindly on the surface 


of one of the motor giant axons, making a synaptic junction. Among these _ 


synapses in the stellate ganglion, the largest one is the junction between the 
presynaptic axon and the so-called squid giant axon which has been used 
widely for electrophysiological studies of the excitable membrane. Robertson 
(1953) carried out electron microscope studies on this synapse and found that, 


in the region where the two axons make contact, there are a number of axo-- 


plasmic processes which are the extensions of the post-synaptic axon. These 
processes end in close apposition with the axoplasm of the presynaptic axon. 

The physiological investigation of this synapse was started also by Young 
(1939). He found that transmission of impulses through this synapse is uni- 
directional and is readily blocked on repetitive stimulation of the presynaptic 
axon. In 1949, Bullock found that a synaptic potential, which resembles in 


many respects the end-plate potential of the curarized neuromuscular junction _ 


(Schafer & Gdpfert, 1937; Eccles & O’Connor, 1939; Kuffler, 1942; Fatt & 
Katz, 1951), can be recorded in the vicinity of this synapse. Recently, Bullock 
& Hagiwara (1957) examined the time course of the synaptic potential and the 
synaptic delay with intracellular micro-electrodes. 

In the present work, an attempt is made to elucidate the mechanism of 
impulse transmission across this giant synapse by using various techniques 


_* Present address: Department of Physiology, 
Tokyo, Japan. 
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which have been proved useful in the study of the excitable membrane of the 
squid giant axon. It was found possible to introduce two to three intracellular 
electrodes into the pre- and/or post-synaptic axons at or near the synaptic 
junction. By this technique, the effects of stimulating or polarizing currents 
upon synaptic transmission were investigated. A change in the membrane 
conductance associated with a synaptic potential (subthreshold) was demon- 
strated by the use of an impedance bridge. The mechanism of production of 
the synaptic potential was investigated by ‘clamping’ the membrane of the 
post-synaptic axon at various potential levels near the resting membrane 


potential. 


The results of the present investigation were interpreted as indicating a 
similarity in the synaptic mechanism of the neuromuscular junction (Fatt & 
Katz, 1951) and this axo-axonal synapse. The outline of the present work has 
been presented in the spring meeting of the American Physiological Society | 
(Tasaki & Hagiwara, 19575). 

METHODS 

Dissection of preparations. Synapse preparations were obtained from the North Atlantic squid, 
Loligo pealii, available at the Marine Biological Laboratory in Woods Hole. The procedure of 
dissecting preparations out of the body of the animal was similar to that described by Bullock 
(1948). Both the pre- and post-synaptic axons were tied together with surrounding tissues at 
points about 20 mm away from the stellate ganglion. Using a pair of small scissors, the axons 
were freed from the underlying tissues and a preparation consisting of the presynaptic axon, the 
stellate ganglion and the post-synaptic giant axon was carefully dissected out of the wall of the 
body cavity. 

The connective tissues around the synapse under study and the major portion of the small nerve 
fibres running together with the presynaptic axon were carefully removed under a binocular 
microscope while the preparation was still in situ. This procedure was necessary to increase 
visibility of the synaptic region of the preparation and to make insertion of micro-electrodes near 
the synapse possible. In good preparations, obtained from freshly caught specimens, stretching 
the preparation by way of the thread tied on the end of the axons did not bring about a failure 
of synaptic transmission. 

. Most of the experiments described in this paper were carried out at room temperature (21- 
22° C). On a few occasions observations were made while the preparation was exposed to cold 
running sea water (10-15° C). 

Arrangements used for stimulation and recording. The preparation was mounted horizontally on 
a glass plate of approximately 34 mm width with its tied ends stretching beyond the edges of the 
glass plate, The synaptic region of the preparation was in the middle of the glass plate. The two 
tied ends were fixed to the lucite platform to which the glass plate was glued. The sea water 
surrounding the preparation was continuously oxygenated by circulating fine bubbles of 0, 95% 
plus CO, 5%. | 

Intracellular potentials were recorded either with a superfine glass pipette electrode or with 
a metal wire electrode, or occasionally with both of them. The reference electrode (grounded) was 
of the Ag-AgCl-agar type and was immersed in the surrounding sea water. Glass micropipettes 
were filled with 0-55 m-KCl (sometimes 3™) solution. The tip diameter of the micro-electrodes used 
for recording potentials was as 4 rule smaller than 1»; the micro-electrode used for applying 
stimulating or polarizing currents to the axons was 2-3, in diameter. Intracellular metal wire 
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diameter, the insulating l of which was scraped off for a length of 1 mm (in some experiments 


3 mm) near the tip. 

The wire electrode was introduced into the post-synaptic axon through a hole in the axon 
membrane at the edge of the glass plate and was pushed along the axis of the axon until the 
recording tip of the electrode reached the synaptic region. Micromanipulators of the Peterfi type 
were used to manipulate the metal wire electrode as well as to introduce glass pipette electrodes 
through the surface membrane of the axons, These manipulations were done as a rule under dark 
field illumination. 

Stimulating pulses were obtained from a stimulus isolation unit (Grass Co., Model 81 U-4 A). 


of the glass plate. 


45V B 


A beam Amp. A 5MQ be 
(potential 100 
recording) 
recording) 


Fig. 1. Experimental arrangement used to record the ‘synaptic current’ by clamping the mem- 
brane potential at a constant level during synaptic activation. The thick line drawn in the 
post-synaptic axon represents the exposed portion of the intracellular metal wire electrode. 
The three cathode-followers shown in the figure were made with Z729 tubes in triode 

connexion, Further details in text. 


Voltage clamp technique. The equipment used for voltage clamp experiments was similar to that 
used in a previous experiment (Tasaki & Hagiwara, 1957a). The internal current electrode con- 
sisted of a metal wire (25) with the 3 mm long portion near the tip exposed by scraping off the 
insulating enamel. Since the region at which the pre- and post-synaptic axons make synaptic 
contact was about 1 mm long, this exposed portion of the wire covered the entire length of the 
synaptic region. A glass pipette micro-electrode inserted in the middle of the synaptic region of 
the post-synaptic axon was used to monitor the membrane potential (Fig. 1). 

A cathode-follower and a feed-back amplifier (Amp. A in Fig. 1) were connected to these 
electrodes in such a way that the potential recorded with the micro-electrode could be maintained 
at a constant level during synaptic activity by an automatic control of the membrane current. 
The circuit used for this automatic control of the membrane current is similar in principle to that 
used by Hodgkin, Huxley & Katz (1952). The output of the cathode-follower (Z729 in triode 
connexion) was led to one of the two inputs of a differential amplifier (Tektronix, Type 122) which 
had a flat response between 0-1 cycle and 40 ko/s (Amp. A). The other input of the differential 
amplifier was connected to a source of a rectangular voltage pulse (Tektronix pulse generator, 

type 161). The output of the differential amplifier was led to the internal current electrode 
through a switch, a large condenser (10 pF) and resistors. To measure the current fed into the 
post-synaptic axon, the IR- “drop across one of the resistors was led to another differential amplifier 
(Amp. B in Fig. 1) through a pair of cathode-followers. 
Measurement of change in the membrane impedance associated with the synaptic potential. An 


alternating current Wheatstone bridge illustrated in Fig. 2 was used to investigate changes in the - 


~* 
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membrane impedance of the post-synaptic axon associated with synaptic potentials. The internal 
impedance electrode was made with a metal wire similar to that used for voltage-clamp experi- 
ments. The external electrode was a long silver wire covered with a layer of agar gel. The resistors 
in the ratio arms of the bridge, r, and r, in the figure, were 10 Q and 100 (or 300) Q, respectively. 
The remaining arm consisting of two condensers (C end C’) and a resistance (2) was used to adjust 
the bridge balance to eliminate the bridge output at rest. 


axon Post-syn, axon 


Oscillator 


Fig. 2. An a,c. Wheatstone bridge used to detect small changes in the membrane impedance 
associated with synaptic potentials. Battery B and resistor R, are used to block synaptic 
transmission by hypolarization of the post-synaptic axon. Further details in text. | 


In some experiments, condenser C’ was fixed at a large value (approximately 10 pF) and R and 
C were varied; this parallel arrangement of C and R was used to examine the direction (increase 
or decrease) of the change in the membrane impedance. A series arrangement, in which C was 
fixed at zero and C’ was variable, was used to minimize the flow of current through the internal 
impedance electrode during synaptic activation. Since a flow of current through the fine metal 
wire electrode can change the resistance of the electrode by polarization and may give rise to a 
false unbalance of the bridge, it was desirable to examine the membrane impedance by both 
parallel and series arrangements of R and C. 

The bridge a.c. was 10 (or 16) kce/s in frequency and was supplied by a beat-frequency oscillator 
(General Radio, Type 1304-A). The bridge unbalance was amplified 100 or 1000 times with a pre- 
amplifier (Tektronix, Type 122) and then filtered by a variable electronic filter (Spencer-Kennedy 
Laboratory, Model 302). The unfiltered output of the bridge was taken as a measure of the potential 
variation in the post-synaptic axon. The filtered output of the bridge, displayed simultaneously 
on the dual beam oscilloscope (DuMont, Type 322), was the measure of the impedance change 
associated with synaptic potentials. Because of the shunting of the internal and external electrodes 
by the bridge, action potentials recorded by this method were slightly distorted in shape and 
slightly reduced in size. A micro-electrode inserted in the middle of the synaptic region of the 
post-synaptic axon was used to block synaptic transmission by hyperpolarization. 
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RESULTS 

General properties of the synaptic potential 
The properties of the synaptic potential as recorded with an intracellular 
electrode inserted into the post-synaptic axon near the synaptic region have 
been discussed by previous investigators (Bullock & Hagiwara, 1957). As the 
results of improvement of our technique of dissection and cleaning of the 
preparation, we were able to insert two or more micro-electrodes directly in the 
region of the giant synapse. By this improved method, we could confirm and 

extend the observation made by Bullock and his associate. 
When a single electric shock was delivered to the presynaptic axon of the 


preparation, there was a single spike potential in the post-synaptic axon. 


A measurement of the latency with multiple recording micro-electrodes 
inserted along the post-synaptic axon revealed that the latency was shortest 
when the recording micro-electrode was in the region of the synapse. 


Fig. 3. Presynaptic spike potentials (continuous line) and responses of the post-synaptic axon 
(broken line) recorded simultaneously in the vicinity of the synapse. Records were taken 
when synaptic transmission started to fail as a result of a prolonged repetitive stimulation of 
the presynaptic axon. 3 


The action potential recorded from the post-synaptic axon in the vicinity 
of the synapse was preceded by a slow, preliminary rise in the membrane 
potential which represented the early part of the synaptic potential. In a fresh 
preparation obtained from an active specimen of squid, the rise of the synaptic 
potential was rapid and the transition from the synaptic potential to the 
propagated axonal spike potential was not clear. Following repetitive stimu- 
lation of the presynaptic axon, the transition from the synaptic potential to 
the axonal spike became clearer. This ‘fatigue’ was the result of gradual 
decrease in size of the synaptic potential associated with a gradual prolongation 
of the time interval from the beginning of the synaptic potential to the start 
of the axonal spike potential. 

_ The records presented in Fig. 3 illustrate this gradual change in synaptic 
transmission. The continuous trace in the figure represents the membrane 
potential recorded with a micropipette inserted into the presynaptic axon in 
the middle of the synaptic region. The intermittently blanked trace indicates 
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the potential in the post-synaptic axon recorded with a metal wire electrode 


(with 1 mm long exposed surface) inserted in the axis of the post-synaptic axon 
in the region of the synapse. The frequency of the fatiguing shocks delivered 
to the presynaptic axon was 40/sec, The records were taken at the time when 
the synaptic transmission started to fail. : 
The spike potential of the presynaptic axon did not change during repetitive 
stimulation. The beginning of the synaptic potential relative to the spike 


potential of the presynaptic axon did not change either when the synaptic 


potential underwent a progressive change. The peak value of the synaptic 
potential at which synaptic transmission barely failed was always between 10 
and 15 mV, in most cases around 12 mV, above the resting potential. This 
agreed with the threshold membrane potential determined by applying a 
rectangular current pulse to the post-synaptic axon through an intercellular 
glass micro-electrode in the region of the synapse. From this fact it follows 
that synaptic transmission fails when the synaptic potential becomes sub- 
threshold for the axonal membrane around the synapse. We did not examine 
the decay of the synaptic potential along the post-synaptic axon very 
accurately. There was little doubt, however, that the decay was determined by 


the cable properties of the resting axon. 


Within the region where the two axons make a synaptic contact, the rate 
of rise of the synaptic potential was found to vary slightly from spot to spot. 
The maximum rate of rise was encountered at around the proximal end (close 
to the cell body) of the 1 mm long synaptic region. The fact that the post- 


_ synaptic axon decreases its diameter as it approaches the cell body appeared 


to be a factor causing this difference in the rate of potential rise. But it is 
possible that there are some other unknown factors contributing to this slight 
difference. 

We examined, using the same arrangement, the effect of an antidromic 
impulse upon the potential inside the presynaptic axon. When a stimulating 
shock was delivered at the distal end of the post-synaptic axon, a normal 
action potential was observed at the synaptic region of the axon. At this 
moment there was no sign of a spread of electric current from the post- 
synaptic axon to the presynaptic axon. A small deflexion of a few mV observed 
with the micro-electrode in the presynaptic axon could be fully accounted for 
as & variation in the external field caused by the antidromic impulse. This 
small deflexion remained practically unchanged when the electrode in the 
presynaptic axon was slowly withdrawn and the recorded resting potential 
finally disappeared. In the next experiment we made a further attempt to 
determine whether or not there was a direct spread of electricity from the 


presynaptic axon to the post-synaptic axon. 
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The absence of direct spread of electricity from presynaptic axon 
to post-synaptic axon or in reverse direction 


An experiment was designed to determine whether or not it was possible to 
explain the synaptic potential in the post-synaptic axon as a simple electro- 
tonic spread of potential changes in the presynaptic axon. As shown in Fig. 4, 
top, two glass pipette micro-electrodes were inserted into the presynaptic axon 
within about 1 mm from the synapse. One of the micro-electrodes was used 
to deliver rectangular current pulses into the presynaptic axon; the other was 
used to record potential changes in the presynaptic axon. A metal wire 


Fig. 4. Record A: Simultaneous recording the pre- and post-synaptic spike potentials. Records B 
and C: Demonstration of the absence of direct electrical connexion between the pre- and 


post-synaptic axons by hyperpolarizing the presynaptic axon. A spike ean at the end 
of hyperpolarization is an off-response. 


electrode was inserted into the post-synaptic axon to record synaptic potentials 
and propagated responses. After making certain that the synapse was capable 
of transmitting impulses with these three intracellular electrodes in place, 
strong pulses of inward-directed currents were applied through one of the 
micro-electrodes in the presynaptic axon (records B and C in Fig. 4). The 
purpose of this experiment was to examine whether or not a large potential 
variation in the presynaptic axon is transmitted to the post-synaptic axon. 
With pulses of inward membrane current, the potential variation (hyper- 
polarization) could be made as large as 100 mV or more. It was possible to) 
vary the rate of potential change by varying the pulse duration and intensity. 
In all these cases, we could not observe any potential change in the synaptic 
region of the post-synaptic axon that was attributable to a direct spread of 
electricity from the presynaptic axon. This finding, as well as the absence of 
a spread of electricity from the post-synaptic axon to the presynaptic axon in 
antidromic excitation of the preparation, strongly indicates that there is no 
direct pathway (with a low electric resistance) between the axoplasm of the | 
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presynaptic axon and that of the post-synaptic axon. This is consistent with 
the result of electron microscopic studies by Robertson (1953). 

When pulses of outward membrane current were sent into the presynaptic 
axon, no potential variation was observed in the post-synaptic axon as 
long as the pulse was subthreshold for the presynaptic axon. When the pulse 
was strong enough to elicit an impulse in the presynaptic axon, there was a 
synaptic potential followed by a propagated impulse in the post-synaptic axon. 
We paid special attention to see if a “subthreshold response’ in the presynaptic 
axon was capable of generating any observable potential variation in the 


post-synaptic axon. We could not find any sign of synaptic potential related to 
subthreshold stimuli to the presynaptic axon. 


> 


Fig. 5. Effect of hyperpolarization of the post-synaptic axon upon the membrane potential of the 
presynaptic axon. In record B, a stimulating shock was delivered to the presynaptic axon to 

_ show that the recording electrodes were in place. Record C was taken immediately after the 

disappearance of the resting potential of the presynaptic axon on gradual withdrawal of the 
recording electrode. 

It was found recently that unidirectional transmission of impulses across 
the crayfish synapse is due to the existence between the pre- and post-synaptic 
axons of a special membrane that allows a flow of current in one direction but 
not in the opposite direction (Furshpan & Potter, 1957). In order to know 
whether or not this is the case in the squid synapse, we examined the effect of 
hyperpolarization of the post-synaptic axon upon the potential in the pre- 
synaptic axon (Fig. 5). Two nichrome-steel wires of 30 u in diameter were 
inserted into the post-synaptic axon. The wire with 1 mm long exposed surface 
was connected to a source of rectangular voltage pulses of about 10-40 V 
through a 1-2 MQ resistor. The other wire with a 0-5 mm long exposed surface 
was connected to a cathode-follower for recording the membrane potential 
of the post-synaptic axon. One glass pipette micro-electrode was introduced 
into the presynaptic axon to record the membrane potential near the 
synapse. 

It was found that a change in the membrane potential of the post-synaptic 
axon caused by passing a strong inward membrane current (approximately 
20 pA) did not alter the membrane potential of the presynaptic axon by any 
detectable amount. When a large potential variation of 50-80 mV was pro- 
~ duced in the post-synaptic axon by the applied polarizing current, there was 
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a small, but detectable potential variation (1-5 mV) at the tip of the electrode 
in the presynaptic axon. However, this potential variation did not disappear 
when the tip of the electrode was withdrawn and the recorded resting 
potential had just disappeared (Fig. 5C). Therefore, it is evident that even this 
small potential variation in the presynaptic axon does not represent a spread 
of electricity across the synaptic membrane. 

The experimental findings mentioned in this section can be summarized as 
follows: Neither a subthreshold depolarization nor a large hyperpolarization of 


_ the presynaptic axon brought about a detectable change in the membrane 


potential of the post-synaptic axon. Neither strong depolarization (associated 
with a propagated impulse) nor a strong hyperpolarization (caused by an 
applied current) of the post-synaptic axon induced any detectable potential 
variation across the surface membrane of the presynaptic axon. In short, 
electric insulation between the two axons was practically perfect. 


Demonstration of a ‘space’ between pre- and post-synaptic axons 

With a view to measuring the ‘synaptic delay’ of the nerve impulse in a more 
direct manner, we made an attempt to push a recording submicroscopic micro- 
electrode through the surface membrane of the post-synaptic axon in the 
region where the membrane of the presynaptic axon was making a synaptic 
contact. As has been pointed out under Methods, this synaptic region could 
be recognized, in a cleaned preparation under dark field illumination, as a thin 
shiny layer where the two axons were lying in close apposition. 

A giant synapse preparation was mounted on a glass plate with a piece of — 
solid wax fixed to its surface. By bending the synaptic region of the preparation 
at the corner of the piece of wax and by applying some tension to the tied ends 
of the axons, the preparation was arranged in such a way that the synaptic 
region was situated at the proximal end of the axis of the post-synaptic axon 
(see Fig. 6, left). 

The potential difference between the grounded sea water around the prepara- 
tion and the long intracellular electrode was continuously recorded during 


- penetration of the synaptic region by the d.c. channel of a dual beam oscillo- 


graph. The potential of the same electrode was amplified with a condenser- 
coupled amplifier and was displayed on the other channel of the oscillograph; — 
this channel was used to record potential variations elicited by electric shocks 
applied to the presynaptic axon. The d.c. potential was recorded continuously 
on @ running film, and the responses to electric stimuli were recorded by the 
oscilloscope beam deflecting perpendicularly to the d.c. beam. By preliminary 
tetanization of the presynaptic axon, post-synaptic spike potentials were 
eliminated. While the micro-electrode was adavancing slowly in the axis of the 
post-synaptic axon, the presynaptic axon was stimulated near its tied end at 
the rate of one shock per second. 
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When the tip of the recording electrode was in the axoplasm of the post- 
synaptic axon, synaptic potentials of the ordinary monophasic configuration 
were evoked by electric shocks delivered to the presynaptic axon (Fig. 6, 
middle bottom). The level of the d.c. potential remained constant until the 
tip reached the synaptic region of the membrane as recognized by a slight 


1 msec 50 mV 


Fig. 6. Demonstration of the ‘space’ between the pre- and post-synaptic axon. A long recording 
micro-electrode was advanced slowly along the axis of the post-synaptic axon. The continuous 
beam displays the resting potential, and the other trace, sweeping at a rate of 1/sec, shows 
the responses to the shocks delivered to the presynaptic axon recorded through the same 


micro-electrode. 
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displacement of the shiny surface layer. When the electrode was slightly 
advanced at this stage, the d.c. potential level at the tip of the recording micro- 
electrode was found to drop to a level close to zero. At the same moment, 
the intracellularly recorded monophasic synaptic potential disappeared. We 
could maintain the recording electrode in this position as long as we wanted. 

We suspected when we made this observation that the recording electrode 
might have failed to penetrate the synaptic region, but instead it might have 
penetrated the non-synaptic surface of the post-synaptic axon. But the 
following observations indicated that this was not the case: In all the six cases 
in which the tip of the recording electrode was recognized to be pressing 
directly against the membrane in the shiny synaptic zone, the recording micro- 
electrode entered the presynaptic axon on very slight advancement of the 
electrode in the direction of its axis. When the tip of the recording electrodes 
was recording no resting potential, small potential variations, which appeared 
to be a mirror image of the synaptic potential in the post-synaptic axon, were 
evoked in all-or-none manner in response to presynaptic stimulation (see 
Fig. 6, middle top). Since this reversed synaptic potential was too large to be 
attributed to a simple external pick-up of the ordinary synaptic potential, it 
was concluded that there is between the pre- and post-synaptic membrane 
actually a small ‘space’ where the potential is close to that of the surrounding 
sea water. It will be shown in the next section that the membrane current 
responsible for generation of the synaptic potential flows through this ‘space’ 
and generates the reversed synaptic potential. 


It is seen in Fig. 6, right, that when the recording electrode penetrated the — i 


boundary between the ‘space’ and the presynaptic axon, there was a sudden 
appearance of the resting potential at the tip of the recording electrode. At the 
same moment, the small externally recorded action potential of the presynaptic 
axon changed into the large intracellularly recorded responses. The time 
interval between the peak of the presynaptic spike potential and the beginning 
_ of the synaptic potential as determined by this method was between 0-3 and 
0-6 msec at 21-22° C. 


Demonstration of membrane current responsible | 
for production of synaptic potential . 

When a nerve impulse in the presynaptic axon arriving at the synapse sets 
up @ (subthreshold) synaptic potential in the post-synaptic axon, the non- 
synaptic portion of the surface membrane of the post-synaptic axon is 
traversed undoubtedly by an outward current because of a rise in the axoplasm 
potential. Since the total amount of the current that leaves the post-synaptic 
axon has to be equal to the current that enters the axon at the same moment, 
there should be an inward membrane current at the synaptic region of the - 
axon at the time when its membrane potential rises during synaptic activity. — 
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If the membrane potential of the post-synaptic axon is ‘ clamped’ at a 
constant level when a presynaptic impulse arrives at the synapse, there will 
be no membrane current through the non-synaptic surface of the post-synaptic 
axon. Now, the problem is: What is the time course of the current that flows 
through the surface of the post-synaptic axon when its membrane potential is 
held constant during synaptic activation? 


_ Fig. 7. Demonstration of the ‘synaptic current’ by clamping the membrane potential of the 


post-synaptic axon. The arrangement of Fig. 1 was used. Trace V displays the membrane 
potential of the post-synaptic axon; trace J shows the current required to control the mem- 
brane potential. §S indicates the artifact caused by a stimulating shock delivered to the 
presynaptic axon. 


To clarify this problem an experiment was designed to clamp the membrane 
potential along a rectangular time course when an orthodromic impulse arrives 
at the synapse. The arrangement of Fig. 1, described under Methods, was used 
_ for this purpose. With this arrangement, it was possible to maintain the 
membrane potential at a constant level by an automatic control of the 
membrane current. This control was not difficult in a preparation in which the 
synaptic transmission had been blocked by preliminary tetanization of the 
presynaptic axon. 

In Fig. 7, the continuous trace (J) represents the time course of the current 
sent into the current-electrode in the post-synaptic axon to control the 
membrane potential. The blanking trace (V) displays the time course of the 
membrane potential of the post-synaptic axon recorded with a micro-electrode 
inserted in the region of the synapse. In record A, the current through the 
intracellular metal wire was kept at zero; a stimulating shock (8) given to the 
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presynaptic axon gave rise to a synaptic potential which was slightly distorted 
by the presence of a ‘subthreshold response’. In record B the membrane 
potential of the post-synaptic axon was kept at the level of the resting 
membrane potential; stimulation of the presynaptic axon now gave rise to 
a transient inward current through the surface of the post-synaptic axon. 

In records C and D the membrane potential of the post-synaptic axon was 
clamped at levels about 15 mV above and below, respectively, the resting 
potential when the orthodromic impulse arrived at the synapse; the intensity 
of the membrane current required to maintain the membrane potential at a 
constant level was not affected appreciably by this slight shift in the clamping 
level. The disappearance of the current trace in record D, following the start 
of the clamping pulse, is due to the shock artifact (8) followed by a large 
inward membrane current caused by a response of the membrane resulting 
from the depolarization of about 15 mV. 

Let us denote the time course of the inward current recorded by the method 
of record B in Fig. 7 by I(t). Under these voltage clamp conditions, there is 
obviously no membrane current in the non-synaptic surface of the post- 
synaptic axon. Therefore, current I(t) represents the current that flows through 
the synaptic membrane of the post-synaptic axon on arrival of an orthodromic 
impulse. Since I(t) is not appreciably affected by a slight change in the 
membrane potential (records C and D), one may infer that the same current, 
I(t), flows through the synaptic membrane when there is no voltage clamping, 
i.e. when there is an ordinary synaptic potential in the post-synaptic axon. 
For the sake of simplicity, we call I(t) the synaptic current. 

The synaptic current flowing inward through the synaptic membrane into 
the post-synaptic axon tends to depolarize the post-synaptic axon. We found 
that the size and shape of the synaptic potential can be explained satisfactorily 
as the result of the synaptic current observed by the method of the voltage 
clamp. The argument to show that the synaptic potential i is generated by the 
synaptic current, I(t), is as follows: 

The amplitude of the subthreshold synaptic current in Fig. 7 is approxi- 
mately 4 uA. The effective resistance between the internal electrode and the 
external fluid medium is of the order of 4 kQ (this varied between 4 and 6 kQ 
among different preparations). When the synaptic current flows into the post- 
synaptic axon, the rise in the membrane potential will be of the order of 16 mV; 
actually, this is very close to what was observed in record A of Fig. 7. 

The time constant of the post-synaptic membrane measured by passing a 
pulse of constant current was between 1 and 1-5 msec, When the delay in the 
rise of the membrane potential due to this time constant was taken into 
consideration, we were able to reconstruct the rising phase of the synaptic 
potential satisfactorily. A slight discrepancy in the calculated amplitude and — 
the observed value, as well as the bons diphasicity of the observed synaptic 
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potential were attributed to the ‘subthreshold response’ in the non-synaptic 
surface of the post-synaptic axon. 

Now, it is possible to show that the synaptic current does not pass through 
the surface membrane of the presynaptic axon. The presynaptic axon is smaller 
than the post-synaptic axon; if we assume that the synaptic current penetrates 
the surface membrane of the presynaptic axon, we should expect a large 
potential variation in the presynaptic axon at the time when there is a synaptic 
potential in the post-synaptic axon. Since this is actually not the case (Fig. 3), 
we conclude that the synaptic current flows through the ‘space’ between the 

pre- and post-synaptic axon and does not enter into the presynaptic axon. 


A 
4 


Post-syn. axon Post-syn. axon 
Fig. 8. A: distribution of electric currents in the vicinity of the synapse at the time when a 


A 


Presyn. axon Space’ 


synaptic potential is produced in the post-synaptic axon. B: simplified drawing showing the 


structure of the squid synapse; one axoplasmic process extending from the post-synaptic 
axon towards the presynaptic axon is shown. ‘Space’ indicates the region where the d.c. 
potential is close to that of the surrounding sea water. 


The conclusions drawn from the electrophysiological observation mentioned 
above are summarized in diagram A in Fig. 8. It is shown in this diagram that 
_ when an orthodromic impulse arrives at the synapse, there is an inward 
membrane current at the synaptic region of the post-synaptic axon. This 
current flows outwards through the non-synaptic portion of the membrane 
giving rise to a synaptic potential. The pathway of the current is closed by the 
conducting fluid medium in the ‘space’ between the two axons. The diagram 
is highly diagrammatical and is drawn purely on the basis of our own 
electrophysiological and optical observations. The synaptic space is not clearly 
discernible as a space under our dissection microscope (60 x); however, we 
could keep a micro-electrode of about 0-5 tip diameter in this space indefi- 
nitely. From this information, it seems safe to say that the thickness of this 
space (the distance between the axons) is not smaller than about 1 » and not 
larger than about 20 yp. : 

We are now prepared to compare our electrophysiological findings with the 
results of electron microscopic studies of this synapse. Robertson (1953) 
showed that the ‘synapsing’ surfaces of the two axons are invested by two 
_ separate layers of Schwann cells and by two layers of sheath. These layers are 
perforated by a number of axoplasmic processes (1-10 p in diameter). These 
processes are extensions of the post-synaptic axon; they attain larger diameter 
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and end in close apposition with the axoplasm of the presynaptic axon 
(diagram B in Fig. 8). 

It is evident from what has been stated above that the ‘space’ between the 
two axons revealed by our electrophysiological study corresponds to the space 
occupied by loose connective tissue between the two axons and not to the 
narrow gap between the two axolemma at the end of the processes of the post- . 
synaptic axons. It is this space that is traversed by the ‘synaptic current’ 
observed in the experiment of Fig. 7. We could not determine whether the 
synaptic current penetrates the axonal membrane only at the ends of the 
process, or it is distributed eaformaly over the entire surface of the post- 


_ synaptic axon facing the ‘space’. 


The reversed synaptic potential recordable in the ‘ space ’ between the pre- 
and post-synaptic axon (Fig. 6) is not exactly a mirror image of the record 
obtained from inside the post-synaptic axon. We attribute this fact to the 
capacitative pick-up of the potential variation in the post-synaptic axon. 
When the electrode tip is in the interaxonal space, the major portion of the 
long (approximately 15 mm) recording electrode is still in the post-synaptic 
axon, The capacitative leakage of current through the wall of the micro- 
electrode is expected to counteract the potential variation at the tip of the 
electrode. Assuming that this interpretation is right and also that the con- 
ducting medium in the space between the two axons has a specific resistance 
of 20-30 Q.cm, it is possible to estimate the thickness of the ‘space’ between — 
the two axons from the size of the reversed synaptic potential. This estimation 
indicates that the ‘space’ should be 2-5 thick. (In this calculation, we 
assumed the length of the space to be 1 mm and the width to be 0-1 mm.) 
This figure is in good agreement with what has been stated by Robertson 


hasan in membrane cbnduniones associated with the synaptic potential 

_ With the a.c. Wheatstone bridge shown in Fig. 2 operated at 10 or 16 ke/s, 
it was possible to detect a small change in the membrane impedance of the 
post-synaptic axon associated with a synaptic potential. When the stimulating 
shock delivered to the presynaptic axon gave rise to a propagated spike 
potential in the post-synaptic axon, there was a large impedance loss of the 
membrane associated (record D in Fig. 9). When the transmission across the 
synapse was blocked by repetitive stimulation of the presynaptic axon, the 
unbalance of the Wheatstone bridge decreased to 1/20-1/50 of the original 
amplitude. On further repetitive stimulation, the bridge unbalance decreased 
further. There was a close parallelism between the amplitude of the synaptic 
potential and the bridge unbalance. The records obtained resembled in many 
respects those published by Katz (1942) showing the impedance loss of the frog 
sartorius muscle associated with the — — 
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With an impedance bridge of the type shown in Fig. 2, a small bridge 
unbalance can be produced by various sources other than a change in the 
membrane conductance. One of the possible sources of artifact is polarization 
of the metal wire electrode in the post-synaptic axon. If there is a weak flow 
of current through the internal impedance electrode in association with a 
synaptic potential, a small bridge unbalance may occur as the result of a 
change in the resistance of the internal electrode. We think, however, that this 
source of artifact is excluded in our experiment. When the capacity and the 
resistance in the variable arm of the bridge (Fig. 2) were connected in series 
(i.e. when C =0), the bridge balance was obtained when C’ was between 0-0005 
and 0-0007 »¥ and R was between 12 and 15 kQ (at 16 ke/s). This means that 
a flow of current through the internal electrode should vanish with a time 
constant of about 8 usec. This time constant is too short to have any effect 
upon our impedance measurement. : 

Another source of artifact is the impedance loss of the non-synaptic mem- 
brane of the post-synaptic axon associated with its subthreshold potential 
variation. In so far as we regard the synaptic current as an electric stimulus 
for the post-synaptic axon, it is possible to make some distinction between 
a synaptic potential and a so-called subthreshold response. When the variation 
in the membrane potential is within the range where there is an approximately — 
linear relation between the applied current and the evoked potential change, 
the observed potential variation can be regarded as being uncontaminated by 
a subthreshold response of the membrane. When the membrane of the post- 
synaptic axon is hyperpolarized by a constant current, the potential variation 
caused by stimulation of the presynaptic axon is limited within such a linear 
range. It should be possible therefore to determine, by hyperpolarizing the 
axon, whether or not the observed impedance loss is due to the subthreshold 


Tesponse in the non-synaptic membrane. | 


In record A of Fig. 9, the upper record was taken when no polarizing current 
was applied through the glass pipette electrode in Fig. 2. The bridge a.c, was 
not yet turned on, and the capacities in the variable arm of the bridge were 
close to zero. A shock delivered to the presynaptic axon gave rise to a propa- 
gated impulse in the post-synaptic axon preceded by a barely discernible 
synaptic potential, Next, the post-synaptic axon was hyperpolarized to lower 
the membrane potential by approximately 50 mV (lower record in Fig. 9A); 
a stimulus delivered to the presynaptic axon gave rise to a synaptic potential 
which had a long falling phase. Next, the bridge a.c. was turned on and the 
bridge was balanced for the impedance of the polarized membrane. A shock 
delivered to the presynaptic axon gave rise to a prolonged impedance loss 
whose time course was roughly parallel to the time course of the synaptic 
potential (records B and C). Finally, when the polarizing current was turned 
off, impulse transmission across the synapse was restored and a large bridge 
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unbalance associated with a propagated impulse was produced on stimulation 
of the presynaptic axon (record D). 

From the observations described above, it seems safe to conclude that a 
synaptic potential (subthreshold) is accompanied by an increase in the con- 
ductance of the post-synaptic axon. The observation to be described i in the 
following section gives further support to this conclusion. 


Fig. 9. Record A, top: a response of the Salt evuaple axon to presynaptic stimulation, recorded 
in the synaptic region; bottom: response recorded during a continuous hyperpolarization (of 
approximately 50 mV) of the post-synaptic axon. Record B: simultaneous recording of the 
synaptic potential and the change in the membrane impedance. Record C: similar to record B, 
except that the best bridge balance was obtained at the peak of the synaptic potential. 
Record D; similar to record B, but taken immediately after withdrawal of the hyperpolarizing 
current; the time course of the action potential in record D is distorted by the impedance 
bridge. The arrangement of Fig. 2 was used. ! 


Effect of d.c. polarization of post-synaptic axon 
upon the amplitude of synaptic potential | 
stiles the observation by Bullock & Hagiwara (1957), hyperpolariza- 
tion of the post-synaptic axon was found to increase the amplitude of the 
_ Synaptic potential. The arrangement of the electrode used in our experiment 
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is shown in Fig. 10, top. The potential of the post-synaptic axon was recorded 
with a metal wire electrode, and the polarizing current was delivered to the 
post-synaptic axon through a glass pipette electrode. In the example shown 
in Fig. 10, brief stimulating pulses were applied to the presynaptic axon 
approximately 1 msec after the start of the polarizing current. | 

With a weak polarizing current, the time interval from the start of the 
synaptic potential to the beginning of the spike potential was prolonged. At 
levels of hyperpolarization strong enough to block synaptic transmission, the 
amplitude of the synaptic potential (measured as the potential level attained by 
hyperpolarization) was found to increase with increasing shift in the membrane 
potential. A weak depolarization of the post-synaptic axon had an opposite 
effect upon the amplitude of the synaptic potential. A constant outward 
current through the post-synaptic axon membrane could block transmission 
because of the reduction in the amplitude of the synaptic potential. 


Fig. 10. Effect of hyperpolarizing current pulse upon the synaptic potential. Stimulating shocks 
were delivered to the presynaptic axon and the polarizing current pulses to the post-synaptic 
axon, 


Fig. 11 shows the relationship between the change in the membrane potential 
brought about by the polarizing currents and the amplitude of the synaptic 
potential. When the frequency of stimulation of the presynaptic axon was 
1/sec, as in previous experiments, a hyperpolarization of about 30 mV was 
required to block synaptic transmission in this preparation. As the polarizing 
current was increased above this blocking level, the amplitude of the synaptic 
potential, measured from the steady potential level of the hyperpolarized 
membrane, was found to increase linearly with the membrane potential (see 
straight line A in Fig. 11). When the frequency of stimulation of ‘the pre- 
synaptic axon was increased, transmission block occurred at a lower intensity 
of polarizing current. The change in the amplitude of the synaptic potential 
caused by hyperpolarization was smaller under such circumstances (straight 
lines B and C). 

When the linear relationship between the amplitude of the synaptic potential 


and the membrane potential was extrapolated, it was found -_ at 
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approximately 60 mV above the resting potential, the amplitude of the synaptic 
potential should reach zero. Since the resting potential of the post-synaptic axon 
is around 60:mV below the potential of the surrounding sea water, the finding 
mentioned above indicates that the (hypothetical) membrane potential at 
which the synaptic potential vanishes is close to zero. This is in close agreement 
with the result of similar observations in the neuromuscular junction by Fatt 
& Katz (1951). They explained their experimental finding by assuming that the 
membrane became permeable non-specifically to all kinds of ions when the 
transmitter substance was released from the ending of the motor nerve fibre. 
This explanation of Fatt & Katz appears to be the simplest explanation of our 
findings on the squid synapse. It seems to us, however, that this is not the 
possible of the experimental results. 


Amplitude of 
synaptic potential (mV) 


ane 


ae 


0 

Change in membrane potential (mV) 

Fig. 11. Relationship between the amount of hyperpolarization of the post-synaptic axon and 
the amplitude of the synaptic potential. The observed points along straight line A were 
obtained when the rate of repetition of the presynaptic stimulation was 1/sec. In B the 
shocking rate was 1-5/sec; in C it was 10/sec. All the results were taken from one preparation. 


Relationship between size of presynaptic spike potential 
and amplitude of synaptic potential 

or is well known, the amplitude of the action potential recorded at the site 
of stimulation varies to some extent, depending upon the intensity of stimulus 
(see the upper trace in Fig. 12). It is also possible to reduce the spike amplitude 
by preliminary cathodal polarization of the axon. Anodal polarization does 
not alter the potential at the peak of a spike appreciably in normal axons; 
but in poor axons the spike amplitude can be increased to a considerable extent 
__ by anodal polarization. When the amplitude of the presynaptic axon spike was 
modified by these electric means, it was found that a slight change in the spike — 
amplitude was effective in modifying the amplitude of the synaptic potential | 
by an appreciable amount. 

‘The records in Fig. 12 were obtained with two micro-electrodes inserted into _ 
‘he presynaptic axons and one metal wire electrode in the post-synaptic axon — 
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(as in the experiment of Fig. 4). All these electrodes were within about 0-5-mm 
from the region of the synaptic contact of the two axons. One of the two 
micro-electrodes was used to deliver a pulse of constant (inward or outward) 
current to the presynaptic axon; the other micro-electrode was used to record 
potential variations in the presynaptic axon. When the stimulating shock 
delivered to the presynaptic axon was well above the threshold value, the 
synaptic potential (recorded with the metal wire electrode) was large enough 
to initiate a propagated impulse in the post-synaptic axon (record C). When 
the stimulating shock was barely above the threshold, however, the spike 
amplitude in the presynaptic axon was slightly smaller, and the synaptic 
potential induced failed to initiate a propagated impulse (record B). Small 
potential variations that could be regarded as subthreshold responses in the 
presynaptic axon never produced any measurable potential variation in the 
post-synaptic axon. | 


Fig. 12. The effect of direct stimulation of the presynaptic axon in the vicinity of the synapse 
upon the membrane potential of the post-synaptic axon. The arrangement of Fig. 4, top, 
was used, The lower trace showing the potential recorded from the post-synaptic axon is 
contaminated by stimulus artifacts. 


In Fig. 13 is shown the relationship between the amplitude of the pre- 
synaptic spike potential and the amplitude of the synaptic potential. The 
arrangement of the électrodes used was similar to that used in the experiment 
of Fig. 4, top, except that the stimulating shock was delivered to the presynaptic 
axon near its tied end. By preliminary tetanization, the synaptic potential 
was reduced to a subthreshold level. Then the amplitude of the presynaptic 
axon spike was varied by changing the time interyal between the start of the 
polarizing current of 20 msec in duration and the arrival of the impulse in the 
presynaptic axon, as well as the intensity and the polarity of the polarizing 
current. | 

It is seen in Fig. 13 that a slight change in the amplitude of the presynaptic 
spike brings about a large change in the amplitude of the synaptic potential. 
In this particular preparation, a 30% reduction of the presynaptic spike by 
preliminary cathodal polarization almost completely eliminated the synaptic 
potential. The significance of this finding will be considered under Discussion. 
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120 


Fig. 18. The relationship between the emplitnile of the presynaptic spike potential and the size 
of the induced synaptic potential. The presynaptic spike was altered by preliminary electric 
larizati | 


DISCUSSION 

One of our primary objectives in the present investigation on the squid giant 
synapse was to find out whether there is any possibility of explaining the 
mechanism of impulse transmission across the squid giant synapse in terms of 
the electrical theory. After we finished the major portion of the present 
studies in the summer of 1956, we were informed of the result of a recent 
investigation on a crayfish synapse by Furshpan & Potter (1957). According 
to these investigators, the membrane between the pre- and post-synaptic axon 
is capable of passing electric current more readily in one direction than in the 
reversed direction. Because of this strong rectifying action of the membrane 
between the two axons, the action potential of the presynaptic axon can 
stimulate the post-synaptic axon electrically but a response of the post- 
synaptic axon cannot stimulate the presynaptic axon. This explains the 
mechanism of uni-directional transmission across the crayfish synapse on the 
basis of the electrical theory. ' 

The electrophysiological properties of the squid synapse appear to be very 
different from those of the crayfish synapse. It appears to us impossible to 
explain our results in terms of the straight-forward electrical theory. 


Recently Robertson (1953) compared the ultrastructure of the squid synapse _ 


with that of the crayfish synapse (between the median giant fibres and the 
third motor giant fibre of the abdominal segmental ganglia). According to this 
electron microscopic study, the structural difference between the crayfish 
synapse and the squid synapse appears to be very small. This situation leads 
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us to a question: Why do these two structurally similar synapses behave 
functionally differently? At present, we do not have the answer to this 
question. 

The difficulty of explaining our experimental conten in terms of the electrical 
theory can be summarized in the following manner: If the property of uni- 
directional transmission across the squid synapse be explained on the electrical 
basis, the relationship between the synaptic potential and the amplitude of the 
presynaptic spike potential (presented in Fig. 13) would have to be interpreted 
as representing the rectifying property of the synaptic membrane. Then, a 
strong hyperpolarization of the post-synaptic axon should bring about a 
detectable potential variation in the presynaptic axon; but this has not been 
observed (Fig. 5). The reversed synaptic potential observed in the ‘space’ 
between the pre- and post-synaptic axons (Fig. 6) cannot be explained as 
a spread of current from the presynaptic axon. Finally, the synaptic delay, 
which is approximately 0-4 msec or slightly longer at 21° C (Fig. 6), is pro- 
longed by cooling the preparation (1-2 msec at 9° C); it is somewhat difficult, 
if not impossible, to explain this fact in terms of the.simplest version of the 
electrical theory. 

It may be pointed out in this connexion that it modify the 
electrical theory and to make it reconcilable with our experimental findings. We may assume, 
for instance, that the synaptic potential is produced by the response localized at the enlarged 
surface membrane at the top of the protoplasmic processes (Fig. 8B) and also this localized 
response is caused by a small amount of current spreading electronically from the presynaptic 
axon. If we make an additional assumption that the necks of the processes, which are 1-10, in 
diameter and 2-3, long (Robertson, personal communication), bring about an appreciable 
attenuation of the potential along its course, then it may not be impossible to reconcile our 
observation with the electrical theory. It appears to us, however, that the assumption of a 
strong attenuation along the neck of these short processes is somewhat unlikely (see also 
Fig. 14 in Young’s article); in addition, our observation on the effect of polarization of the 
post-synaptic axon upon the amplitude of the synaptic potential (Fig. 10) conflicts with this 
assumption. 

On the basis of the chemical theory of synaptic transmission, the dependence 
of the amplitude of the synaptic potential upon the magnitude of the pre- 
synaptic spike potential (Fig. 13) should be interpreted as indicating the 
dependence of the amount of the secreted transmitter substance upon the — 
magnitude of depolarization of the presynaptic axon. A similar dependence of 
the synaptic activity upon the presynaptic membrane potential has been 
demonstrated by del Castillo & Katz (1954) and Liley (1956) for the vertebrate 
neuromuscular junction, We are not certain at present whether the action of 
the ‘transmitter substance’ is localized at the top of the peotoplaamic processes 
(Fig. 8B) or the substance has to difluse through the ‘space ’ between the two 
axons. It is interesting to note in this connexion that the observed synaptic 
delay (as well as the time course of the synaptic potential) can be accounted 
for as the time required for diffusion of the ‘transmitter’ through the 
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‘space’ between the two axons. This does not prove, however, the validity 
of the assumption made in solving the equation of diffusion for See 

| ‘SUMMARY 

1. Electrophysiological properties of the axo-axonal synapse in the stellate 
ganglion of the squid were investigated by using the multiple intracellular 
electrode technique, the impedance bridge method and the voltage-clamp 
technique. 

2. By delivering strong pulses of in- or outward membrane currents to the 
pre- or post-synaptic axon, it was shown that there was no detectable spread 
of electric current across the synapse. It was therefore impossible to interpret 
the synaptic potential as a result of direct electrotonic spread of the pre- 
synaptic potential across the synapse. 

3. By piercing the synapse with a recording micro-electrode, a ‘space’ was 
demonstrated in which there was no resting potential. Synaptic potentials of 
a reversed sign were observed in this space. This space was identified as the 
layer of loose connective tissue sheath through which processes of post- 
synaptic axoplasm extended toward the surface of the presynaptic axon. 

4. By clamping the membrane potential of the post-synaptic axon at a 
constant level during synaptic activation, an inward membrane current was 
demonstrated in the synaptic region of the post-synaptic axon, which was 
responsible for generation of the synaptic potential. It was possible to recon- 
struct the synaptic potential from the time course of this synaptic current. 

5. With a metal wire electrode inserted in the post-synaptic axon, it was 
possible to detect a small decrease in the membrane impedance associated with 
production of a synaptic potential. 

6. An investigation of the effect of d.c. polarization of the post-synaptic 
axon upon the amplitude of the synaptic potential supports the view that the 
“transmitter substance’ tends to bring the inside potential to the level of the 
surrounding medium. 

7. A slight variation in the amplitude of the presynaptic spike potential was 
found to alter appreciably the amplitude of the synaptic potential. Possible 
interpretations of this finding were discussed. 

: We wish to express our gratitude to Dr M. Fuortes and Professor B. Katz for their valuable 
7 advice and criticism concerning the interpretation of the results presented in this paper. We are 
_ also indebted to Dr J. D. Robertson who gave us important information as to the structure of 


the squid synapse. 
cata Woods Hole, Massachusetts. 
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THE SITE OF IMPULSE INITIATION IN A NERVE CELL 
OF A CRUSTACEAN STRETCH RECEPTOR 
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(Received 10 April 1958) 


The problem of the site of origin of conducted impulses in nerve cells has aroused - 
considerable interest recently. Already in 1940 Gesell suggested that the post- 

synaptic spike potential in neurones may be initiated in the axon hillock region. 
_ Bishop (1953) advanced a similar theory after examining the potentials evoked 
in the lateral geniculate nucleus by electrical stimulation of the optic nerve. 
More recently, with the advent of intracellular recording methods, the re- 
sponses of spinal motoneurones have been analysed by several investigators, 
and Araki & Otani (1955), Fuortes, Frank & Becker (1957) and Coombs, 
Curtis & Eccles (1957 a, 5) have concluded that in these cells conducted impulses 
originate in the initial axon segment. On the other hand, Fatt (1957) has sug- 
gested that the impulse is set up in the cell body. 

Much of the difficulty in locating the site of origin of the nerve impulse in 
the motoneurone arises because the recordings have of necessity been made 
without visual control of the position of the electrode tip in the cell. The nerve 
cell of the crustacean stretch receptor (Alexandrowicz, 1951) is suitable for | 
studies on the locus of impulse initiation, for it is readily accessible and its 
structural details are visible under appropriate optical conditions. Eyzaguirre 
& Kuffler (1955a) showed that deformation of the dendrites of this cell sets 
up @ generator potential which leads to conducted impulses. They investi- 
gated the problem of the site of impulse initiation in this cell, and concluded that 
the conducted impulse usually arose in the dendrites or cell body soma, and 
that only during strong excitation did the impulse arise in the initial portion 
of the axon (see also Kuffier, 1958). This was based largely on the finding that 
the threshold for orthodromic spike initiation recorded in the cell body of the 
slowly adapting receptor was lower than the threshold measured by anti- 
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t Present address: Department of Physiology, Karolinska Institutet, Stockholm, Sweden. — 


+ 
138 
> 
mig 
bi 
yy 
sf 
aA 
- 


SITE OF NERVE IMPULSE INITIATION 139 


dromic invasion. Florey (1955) suggested a similar locus of origin on i basis 
of findings with extracellular recordings by metal electrodes. 

In the present investigation, the extracellular potentials recorded from the 
slowly adapting lobster stretch receptor have been analysed, and it has been 
found that the nerve impulse originates in the axon near to the cell body. A 
preliminary report of these results has already been published (Case, Edwards, 
Gesteland & Ottoson, 1957). 

METHODS 


The eighth thoracic receptor of the lobster, Homarus americanus, was used in all experiments. 
Dissection as well as recording was carried out with the preparation immersed in Cole’s (1941) 
solution. To minimize injury the receptor was not dissected free from the surrounding tissues. The 
muscles covering the cell were removed and after adjacent muscles were retracted the structural 
details of the receptor were visible in dark-field illumination. The nerve was dissected free in its 
central course several millimetres from the cell body and lifted up into mineral oil above the saline 
on to two electrodes for antidromic stimulation. Recordings were made with conventional cap- 
illary micro-electrodes, filled with 5 m-NaCl, which were connected via a cathode follower to a 
condenser-coupled amplifier (Grass P5) with a frequency response of 35-10,000 c/s. An earth 
lead was placed on the muscle. The micro-electrodes were brought into contact with the prepara- 
tion under microscopic control. When two micro-electrodes were used simultaneously, as in most 
experiments, one of the electrodes was ordinarily kept fixed on the cell body while the other was_. 
moved from one recording site to another. The receptor was activated either by stretch or by 
antidromic stimulation. The responses to both modes of activation were usually recorded at each 
recording site, 


RESULTS 


Features of potentials recorded from different parts of the stretch receptor 

Response evoked by stretch. The extracellular potentials recorded from dif- 
ferent parts of a lightly stretched slow receptor cell show significant dif- 
ferences (Fig. 1). Record E illustrates the general shape of the response ob- 
tained from anywhere on the cell body. The negative spike was always preceded 
by a positive deflexion. Potentials of essentially the same general appearance — 
were obtained from the axon hillock region (D) and from the proximal portion 
of the axon (C). The initial positivity decreased in amplitude as the electrode 
was moved away from the cell body along the axon and was absent in the 
response at a distance of about 500 yu from the cell (B). The potential recorded 
in this latter position started with a relatively slowly rising negative potential — 
from which the spike arose. If the electrode was moved still further along the 
axon to a point 1 mm (A) or more from the cell the response had the charac- 
teristic appearance of a propagating spike potential that approached and 
passed the recording site. 

All the fourteen cells investigated in the present study gave responses of the 
same general characteristics as those shown in Fig. 1. There were minor 
differences from one cell to another, but these variations were confined more 
to the relative sizes of the various components of the potentials than to the 
features typical of the responses of different parts of the neurone. 
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Responses evoked by antidromic stimulation. . Fig. 2 shows the antidromic re- 
sponses obtained from the same cell and the same recording sites as the records 
shown in Fig. 1. A comparison of the orthodromic and antidromic responses 
shows that the potentials recorded from the axon near the cell body or from 
the cell body itself were essentially similar, irrespective of the mode of 


Fig. 1. Tracings of orthodromic impulses set up by stretch in the lobster stretch receptor re- 
corded with external leads at the various indicated points on the nerve cell. One electrode 
was kept fixed on the cell at E, while the other was moved to the other positions. Point A 
was about 1-3 mm from cell body-axon boundary; B was about 500, distant. Time intervals 
are 0-1 msec. Scale (A, B, C and D recorded at the same amplification) =0-5 mV. In this and 
all subsequent figures, negativity is upwards. 


activation of the receptor. The point of interest in the records in Fig. 2 is that 
in the region of the fibre where the orthodromic potential was preceded by a 
negative potential (Fig. 1B) the antidromic potential started with a positive 
deflexion. 

~The lack of initial positivity seen in the orthodromic spike at position B 
(Fig. 1) is regarded as evidence that the impulses originate in this region. In 
contrast an impulse which approaches and then conducts past an electrode 
sets up the following sequence of potential changes: positive, negative, posi- 
_ tive or source, sink, source. Thus the difference between the potential con- 
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figuration at B (Figs. 1, 2) set up orthodromically and antidromically is 
adequately explained. Further, only in region B is there a significant difference 
between the orthodromic and the antidromic potentials. 


A 


it 


leads at the various indicated points on the same nerve cell shown in Fig. 1. ‘Time re 
0-1 msec. Scale (A, B, C and D recorded at the same amplification) =0-5 mV. 


Time course of potential spread 


ne already mentioned, the spread of the conducted impulse was studied by 
simultaneously recording with two micro-electrodes the activity of different 
parts of the stretch receptor. The records in Fig. 1 were obtained by keeping 
one electrode at E throughout the experiment and moving the other electrode 
stepwise from D to A. To illustrate the temporal relations of the responses of 
the various parts the potentials have been traced against a background of 
vertical lines representing the time scale. It will be observed that the earliest 
appearance of the impulse occurred in the axon at some distance from the cell 
body. This first response is the one which, as already mentioned, was charac- 
terized by the presence of an initial negative potential. In the regions of the 
fibre closer to the soma the negative spike potential was preceded by a positive 
deflexion. If the start of activity within these regions was measured from the 
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peak of the downward deflexion, it is apparent that the action potential spread 
from its site of origin centripetally back into the soma as well as centrifugally 
along the axon. Furthermore, the positive deflexions occurred during the time 
for the rise of potentials in adjacent regions of the neurone: thus the positive 
dip in C occurred during the rise of the spike in B, that in D during the rise of 
the spike in C and so on. This shows that those parts of the neurone which are 
at some distance from the site of initiation of the impulse acted as sources for 
the current flow to the sink in the active region of the fibre. Since there is also 
a region of sustained depolarization in the dendrites current will be drawn to 
two sinks from the soma and initial portion of the axon. 

The finding that the impulse is seen at B earlier than elsewhere on the axon 
is further evidence that this is the region of the axon where the — 


originates. 


Orthodromic 


Fig. 3. Orthodromic and antidromic impulses recorded at various points on the cell body. 
Time intervals, 0-1 msec. Scale 0-5 mV. 


In most cells the time of propagation of the orthodromic spike from the site 
of origin on the axon to the cell body was less than that of the antidromic 
impulse. This is seen in the records in Figs. 1 and 2. The time for conduction 
of the orthodromic spike from point B to the middle of the cell body (E) was 
about 0:3 msec, while it took about 0-35 msec for the antidromic spike to travel 
the same distance. In eight cells the antidromic latency between C and E was 
on the average 0-018 + 0-006 msec (s.£.) greater than that of the orthodromic 
spike. The probability that this difference occurred by chance is less than 
0-05. 

Simultaneous recordings from different parts of the soma 

The dimensions of the cell of the lobster’s stretch receptor permit simul- 
taneous recordings with two micro-electrodes from different points on the 
soma. The records in Fig. 3 show the orthodromic and antidromic potentials 
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recorded from the axonal (A) and dendritic (C) edges of the cell body and from 
the centre of the cell (B). It is significant that the time course and the shape 
of the potentials were the same whether the cell was activated by stretch or 
by antidromic stimulation. In both instances the axon hillock region was’ 
first activated, and from there the impulse passed over the soma toward the 
dendrites. The rate of propagation was, however, not the same for the two 
impulses. ' In the cell from which the records in Fig. 3 were obtained, the time 
for conduction, measured by the peak of the positive deflexion from the proxi- 
mal to the distal end of the cell (about 150.) was about 0-07 msec for the ortho- 
dromic potential, whereas the antidromically evoked impulse needed about 
0-1 msec to propagate the same distance. It should be noted that the initial 
positive deflexion increased in amplitude from the axonal to the dendritic 
edge. A similar observation was made in the recordings from different points 
on the axon, as pointed out in the discussion of the records in Fig. 1. 


Double discharge 

It was found by Eyzaguirre & Kuffler (19550) that the slowly adapting 
stretch receptor cell sometimes fired in bursts instead of discharging a train of 
regularly spaced impulses. The grouped discharge could be initiated also by 
antidromic stimulation and the number of impulses in each burst was found to 
vary inversely with the magnitude of stretch. The multiple discharges set up 
by the antidromic impulse were shown to be conducted in the orthodromic 
direction. | 

In the present investigation grouped discharges were observed in many cells. © 
_ When this type of discharge occurred in response to stretch it was also invari- 
ably evoked ‘by antidromic stimulation. In some cells which gave normal 
responses to stretch it was found that antidromic stimulation at certain 
frequencies initiated the grouped discharge. In most preparations the burst 
consisted only of two impulses. 

The records in Fig. 4 show such a grouped discharge consisting of two im- 
pulses evoked by stretch. The potentials on the upper beam were recorded 
from the axon while the lower record shows the responses of the cell body. 
The two impulses in each trace were similar if the differences in amplitude are 
disregarded. Thus both spikes in the axon were preceded by a slowly rising ~ 
negative potential while the soma spikes had an initial positive deflexion. The 
similarity of the two axonal impulses strongly suggests that they were 
generated within the same region of the fibre. 

The records in Fig. 5 show the antidromic responses obtained from the 
same recording sites on the axon (upper trace) and on the cell body (lower 
trace) as those in Fig. 4. The important point in these records was the 
difference in shape between the first and second axonal impulse. The first 
impulse in both sweeps (A and B) had the characteristic appearance of the 
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response evoked by antidromic stimulation, while the second impulse was 
in both sweeps identical with that obtained when the cell was stretched. 
This indicates that when a grouped discharge was elicited by antidromic 
stimulation the second spike was initiated near to the cell body. 


Fig. 4. Simultaneous recording of grouped orthodromic action potentials in lobster stretch 
receptor. A, electrode on axon; B, electrode on cell body. Time calibration, 1 msec. (Spikes 
retouched.) 


Fig. 5. Simultaneous recording of antidromic impulse and following orthodromic impulse. 
| A, electrode on axon; B, electrode on cell body, Time calibration, 1 msec. ? 
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The second spike propagated not only in an orthodromic direction but also 
back into the soma. This is illustrated in Fig. 6, which shows tracings of the 
second impulse following an antidromic spike. These recordings were made with — 
the same cell and in the same way as those in Figs, 1 and 2. The potentials 
recorded from the axon at positions B and C have no initial positivity but 
only the potential at B has a distinct prepotential phase. This may indicate 
_ that the site of impulse initiation of the second spike is closer to the cell body 
than that of the normal orthodromic impulse. | 


Fig. 6. Tracings of orthodromic impulse set up by antidromic impulse recorded at various indi- 
cated points on the same nerve cell shown in Fig. 1. Time intervals, 0-1 msec. Scale (A, B 
and C recorded at the same amplification) =0-5 mV. 


DISCUSSION 

It has been shown that stretch sets up a large depolarization in the dendrites 
which decrements into the cell body and axon (Eyzaguirre & Kuffler, 1955a). 
Therefore the depolarization at the region where the impulse is set up is less 
than that in the cell body and dendrites. The present finding that the impulse 
originates in the axon indicates that the threshold for a conducted impulse 
in the axon is lower than in the cell body or dendrites. Although no direct 
measurements have been made, this also appears to be true of the spinal 
motoneurone (Araki & Otani, 1955; Coombs e¢ al. 19570, b; Fuortes et al. 
1957). 

On the basis of the present evidence and that of Eyzaguirre & Kufiler 
(1955, 6), the course of events leading to an impulse seems to be as follows. 
Stretch deformation of the dendrites produces a sustained depolarization. The 
current flow to this sink in the dendrites reduces the membrane potential of 
the soma and axon. If the threshold of the axon is lower than that of the cell 
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body, the depolarization would reach threshold first in the axon, where an 
impulse would be set up which would propagate both orthodromically along 
the axon and antidromically back into the soma. 

In view of this picture, it. would seem that the cell body and large dendrites 
integrate the depolarizations produced by stretch deformation of the various 
peripheral dendrite regions. If the total of the dendritic potential changes is 
sufficient to depolarize the axon to threshold, an impulse results. The magni- 
tude of the depolarization of the axon depends primarily on the degree of 
stretch. In addition, the discharges are regulated by synaptic inhibitory 
action (Kuffler & Eyzaguirre, 1955) which apparently acts by increasing the 
membrane conductance in the dendrite-cell-body system. Thereby the space 
constant of the membrane is reduced, and the depolarization of the axon due to 
stretch of the dendrites is attenuated (Kuffler & Edwards, 1958). 

The higher threshold of the cell body of the motoneurone has been attributed 
to the dense coverage of the soma membrane by synaptic knobs and glial cells 
(Eccles, 1957), The lobster’s stretch receptor has no coverage of this kind. 
Therefore the threshold difference in the crustacean nerve cells must be due to 
some difference in the intrinsic properties of the soma membrane and of the 
fibre, as has also been suggested for motoneurones (Coombs et al. 1957); 


Eccles, 1957). Whatever the true explanation might be it is apparent that the | 


portion of the fibre immediately adjacent to the cell body has essentially the 
same excitability properties as the soma. This is evident from the observa- 
tion that the impulse has not been seen to start in the very first part of the 
axon but always at some distance from the cell body. 

_ There is, however, one difference between the stretch receptor neurone and 
the motoneurone that might be attributed to the coverage of the latter by glial 
cells and synaptic knobs. The records shown in Fig. 3 indicate that the cell 
body gives a propagated impulse. This type of response was found in all the 
cells examined. On the other hand, Freygang, Frank, Rall & McAlister 
(1958) suggest that most of the soma-dendritic membrane remains passive 
during the spike. The regions that remain passive could, of course, be the 
areas covered by glial cells and synaptic knobs. 

_ As pointed out in Methods, the preparation was immersed in a conducting 
solution in our experiments, In this way spread of potential changes around 
the active structures was much reduced, as shown by the absence of a response 
when the electrode was placed in contact with the connective tissue adjacent 
to the cell. This method makes possible rather accurate locating of sources and 
sinks of current flow. In contrast, when recordings were made with the cell 
surrounded by paraffin oil it was possible to record potentials with the micro- 
electrode in the connective tissue 1004 or more from the active structure. In 
addition, the configuration of the response in paraffin was critically dependent 
on the position of the earth lead on the tissue. Toren neeee the 
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discrepancies between our and Florey’s (1955) findings. Florey recorded from 
the stretch receptor in mineral oil with fine metal electrodes, and concluded that 
the impulse originated in the dendrites. There is one disadvantage of making 
the recordings with the cell fully submerged in saline. To obtain potentials of 
sufficient amplitude it was necessary to press the electrode against the tissue. 

It is difficult therefore to exclude the possibility that a pressure block was 
produced under the tip of the electrode. This, however, would apply equally 
to axon and soma and we would have to assume that the latter is more sensi- 
tive to pressure. Although it seems unlikely that pressure might have created 
a situation leading to impulse initiation in the axon instead of in the cell body, 
it is experimentally difficult to disprove or prove this assumption. It was ob- 
served, however, that variations of the electrode pressure against the soma 
did not change the location of the site of impulse initiation and only rarely 
was the discharge frequency changed. 

The present finding that the orthodromic impulse propagates faster than the 
antidromic is consistent. with observations that have been made on spinal 
motoneurones (Coombs et al. 1957a; Eccles, 1957; Fatt, 1957; Fuortes et al. 
1957), It is perhaps pertinent that the cell body and dendrites are more de- 
polarized by the generator potential during orthodromic invasion. The cur- 
rent flow to the dendrites during stretch has been shown to facilitate anti- 
dromic impulse invasion into the soma (Eyzaguirre & Kuffler, 1955). 

_ Kyzaguirre & Kuffler (19556) suggested that the grouped discharge is 
produced by a delay in spread of excitation somewhere between the soma and 
dendrites. The present results are consistent with their findings but not with 
their interpretation and it appears that the grouped impulses initiated either 
by stretch or by antidromic excitation start in the axon. A change of the excita- 
bility properties of the cell must also be considered since the grouped dis- 
charge is not seen in normally functioning cells. The mechanisms for this are 
not apparent. | 


SUMMARY 


1. The features and time course of spread of orthodromic and antidromic 
impulses have been studied in the slowly adapting lobster stretch receptors. 
Two micro-electrodes recorded. simultaneously extracellular potentials from 
different parts of the neurone, cell body or axon. 

_ 2. When the sensory neurone is activated by stretch, the impulse recorded . 
from the initial part of the nerve fibre starts with a negative prepotential, 
while in all other regions it starts with a positive deflexion. Further, the im- 
pulse appears earliest in the initial part of the fibre and from there propagates 
in a centrifugal direction along the axon as well as back into the soma towards 
the dendrites. The antidromic spike always starts with a positive deflexion, 
whether recorded in the axon or cell body. From these oe ma is 
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concluded that impulses in the sensory neurone of the slowly adapting 
receptor are initiated in the axon near to the cell body. 

3. The impulse invasion of the soma occurs more rapidly when the cell is 
activated by stretch than if the impulse is evoked by antidromic stimulation. 

4. In a cell that gives grouped discharges the second impulse in each burst 
starts in the same region of the fibre where impulses are generated during 
stretch. | 

5. The present findings as to the site of origin of the impulse indicate that 
the threshold of the cell body is higher than that of the axon. 
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CHANGES IN CARDIAC AND RESPIRATORY RATES, AND 

IN CARBON DIOXIDE PRESSURE AND pH OF ARTERIAL 

BLOOD, IN ANAESTHETIZED RATS EXPOSED TO OXYGEN 
UNDER HIGH PRESSURE 


By D. W. TAYLOR 
From the Department of Physiology, University of Aberdeen 
(Received 10 April 1958) 


It has been known for many years that exposure of animals to oxygen under 
high pressure results in slowing and deepening of respiration and in slowing 
of the heart (Stadie, Riggs & Haugaard, 1944; Bean, 1945). When the work 
described in this paper was begun, the most recent report was that of Whitehorn 
& Bean (1952). They found, in decerebrate dogs, that cardiac slowing occurred 
early in the experiment when the innervation of the heart was intact, the 
slowing being accompanied by conduction disturbances and by slow, deep 
respiration. Vagotomy postponed this slowing of the heart for 2~3 hr, and they 
concluded that the early slowing was due to vagal action, while that occurring 
later was due to a more direct effect of oxygen on the heart. They thought, 


because the e.c.g. changes resembled those of hypercapnia, that retention of 


CO, was probably taking place also, although they did not measure CO, 
pressure. Some workers, using intact rabbits and cats (Campbell, 1929; 

H. J. Taylor, 1949), have reported very great increases in CO, pressure. On 
the other hand, Behnke, Shaw, Shilling, Thomson & Messer (1934), using 
anaesthetized dogs, and Kough, Lambertsen, Stroud, Gould & Ewing (1951), 
with human subjects, reported very small increases in CO, pressure. It seemed 
to be worth while to try to find out what changes occurred in the rat, and to 
relate any changes in blood CO, pressure to changes in cardiac and respiratory 
rate rather than to convulsions (Bahnson & Matthews, 1953), in which con- 
siderable alterations in CO, pressure might be expected. 


METHODS 


Animals and diet. Male rats of approximately 350 g body weight were used in all experiments. 
They were chosen from the main laboratory colony and had been reared on the stock diet (Taylor, 


_ Anaesthesia. Either chloralose with urethane or barbiturate was given by intraperitoneal 
injection. In the first case, an aqueous solution of 1% chloralose and 10% urethane was 
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injected (1 ml./100 g body wt.). For barbiturate anaesthesia, pentobarbitone sodium, B.P. 
(Veterinary Nembutal, Abbott Laboratories Ltd; 5 mg/100 g body wt.) was followed after an 
interval of 15 min by an injection of a 3% aqueous solution of barbitone soluble, B.P. (20 mg/100 g 
body wt.). 

Other drugs. Atropine sulphate was dissolved in 0-9% NaCl solution and injected into the 
femoral vein (2 mg/100 g body wt.). Dibenzyline was made up immediately before use as a 1% 
aqueous solution and slowly injected intravenously (1 mg/100 g body wt.). Heparin dissolved in 
0-9% NaCl solution (5000 i.u./ml.) was injected intravenously (0-05 ml./100 g body wt.). Papaverine 
sulphate was applied locally to the femoral artery as a 2-5% aqueous solution (Kinmonth, 1952). 

Operative procedures. The anaesthetized experimental animal was placed on a thick pad of 
cotton-wool on an animal board and the femoral artery on each side was exposed. If the experi- 
ment involved vagotomy the vagus nerves were isolated in the neck, ligated and cut. Any 
intravenous injections, including heparin, were then given. The femoral arteries were cannulated 
with very fine polythene tubing (1 mm external diameter). The animal was then placed in the 
steel pressure chamber and the cannulae were connected to the appropriate pieces of recording 
apparatus by means of fine hypodermic needles (no. 20) sealed into the ends of the cannulae, care 
being taken to ensure that the various systems were completely filled with 0-9% NaCl solution 
and were air-free. Needle electrodes were inserted subcutaneously and the animal covered with a 
pad of cotton wool so placed as not to impede respiratory movement. After ensuring against any 


leakages, the door of the steel chamber was screwed on, the chamber quickly flushed with oxygen | 


and the pressure raised to 90 Lb./sq. in. (6 atm). The method of compression has already been 
described in detail (Taylor, 1956). 

In experiments involving adrenalectomized rats the operation was carried out one week before 
exposure to oxygen. The details of the operation and post-operative maintenance of such animals 
have been described (Taylor, 19584). 

Heart rate. The heart rate was read from the e.c.g. record. The e.c.g. leads were taken through 
the wall of the steel chamber to a battery-driven, two-stage, balanced pre-amplifier of con- 
ventional design chosen from those described by Dickinson (1950). The twin outputs from the pre- 
amplifier were fed on the one hand into a two-channel Cossor cathode-ray oscilloscope with 
suitable further amplification and photographic recording, and also, in the later experiments, 
into an audio-amplifier and thence to a loudspeaker. 

Blood pressure. The mean blood pressure was registered on a mercury manometer connected to 
the femoral artery by means of a polythene cannula. This manometer could be read through a 
window in the top of the steel chamber. 

Respiration. In the earlier experiments, respiratory rates were counted by taking advantage of 
the effect of respiration on the femoral arterial pulse, recorded by means of a condenser manometer 
similar to that described by Griffith, Innes & Kosterlitz (1953), placed in the pressure chamber, 
and with its output lead connected through the wall to the second channel of the oscilloscope. 
When the film in the oscilloscope camera was run through at a speed of 0-1 in./sec instead of the 
2-5 in./sec (6-3 cm/sec) used to record the cardiac events, an acceptable respiratory tracing was 
obtained. Repeated checking against actual observation of the animal showed that such a record 


was accurate, except when the heart rate was very slow and irregular, when it was thought better — 


to count any respiratory movements directly. In later experiments the bursts of action potentials 
from the intercostal muscles picked up by the e.c.g. chest electrode were counted directly by means 
of the audio amplifier. No attempt was made to record the depth of the respiratory movements. 


Obvious alterations were observed directly and noted. Lung damage was assessed at post-mortem 


examination on an arbitrary six-point scale. 
Blood pH. ‘The pH of the blood was by meane of a glace electrode sitmated within the 
pressure chamber. A microcontinuous flow electrode system (SMF 23) was supplied, modified to 
_ order, by Electronic Instruments Ltd. The small glass chamber containing the electrode was 
connected on the one side to the femoral artery of the rat by a polythene cannula and on the other 
side by a piece of polythene tubing to the tapered end of the pressure tap which projected into the 
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chamber. The lead from the reference electrode was connected to the screening of the coaxial 
cable from the glass electrode, and the cable taken through the chamber wall to the meter. The 
meter was @ direct-reading type supplied by Electronic Instruments Ltd. (Model 23 A), on which 
deviations of 0-02 pH can be measured. On each day that it was used the meter was calibrated 
with standard buffer solutions; the glass electrode was then washed, and the microflow chamber 
flushed and filled with 0-9% NaCl solution. The whole system was placed inthe pressure chamber 
and the connexions made to animal and to tap. Thus it was quite simple, by means of the pressure 
tap, to control from the outside a flow of blood from the animal while it was under high pressure, 


_ and in doing 80, to record the pH. The complete arrangement of animal and apparatus is shown 


in the diagram (Fig. 1). No attempt was made to insulate the microflow chamber; owing to this 


Steel pressure chamber A 


E 

To O, 

Fig. 1. Diagram showing connexions between rat (X) in steel chamber under a pressure of 6 atm. 

O,, and the various pieces of recording apparatus. A, cathode-ray oscilloscope; B, audio- 

amplifier and loudspeaker; C, pre-amplifier; D and G. condenser manometers; Z, power pack; 

F, pH meter; H, mercury manometer; K, microflow chamber with glass electrode; L, tap for 
obtaining blood samples; M, gas tap. 


and to the relatively slow flow of blood through the system and the lapse of a few minutes before 
the pH meter was actually read, the pH of the sample was in fact measured at room temperature, 
as was shown on several occasions by direct determination with a thermometer inserted in place 
of the glass electrode. 3 

Body temperature. This was measured by a thermometer inserted into the rectum at the 
beginning of the experiment and read directly through the window of the chamber whenever 


recordings were made. 

Blood samples could be taken readily from the experimental animal while under preasure by 
means of a pressure tap screwed into the wall of the steel chamber, The construction of this tap 
is shown in Fig. 2. The lumen of the tap, of needle bore, was expanded to receive the end of the 
screw A, and led into the lumen of the side arm. When the tap was closed, the screw end fitting 
into the lumen made a pressure-tight seal. By unscrewing A, blood could flow along the side arm 
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but could not escape along the screw stem on account of the seal made by compressing the 


neoprene washer between metal washers by means of nut B. The polythene cannula from the glass 


electrode system was fixed on the tapered end of the tap which projected into the steel chamber. 
Each sample was collected in a glass syringe fitted with a no. 20 needle thrust through a rubber 
cushion. The dead space was filled with liquid paraffin.The syringe was fitted to the side arm so 
that the needle projected into the lumen, and the rubber cushion at the needle hilt was pressed 
firmly against the end of the side arm. When the tap was opened slightly, blood flowed into the 
syringe and there was no leakage at the connexion. The syringe was sealed and weighed and the 
blood, now at atmospheric pressure, either transferred at once to the Van Slyke apparatus or 


| | Wall of steel chamber 
Fig. 2. Diagrammatic longitudinal section (not to scale) of tap used to obtain blood samples from 
a rat exposed to 0, under a pressure of 6atm. A, screw controlling blood-flow; B, nut 
i washer (NV) between 2 metal washers (M); S, side arm to which sampling 


stored in a refrigerator until analysed, usually within 30 min. After emptying, the syringe and its 


_ adjuncts were again weighed. The amount of blood remaining in the syringe was negligible, and 


was neglected. The specific gravity of the blood was assumed to be 1-056 (Creskoff, Fitzhugh & 
Farris, 1949). Blood was analysed for CO, and O, as described by Peters & Van Slyke (1932). 
Obviously only relatively small amounts of blood can be taken from a rat. within a given time. 
The dead space which had to be cleared before a fresh sample was taken was measured and found 
to be approximately 0-8 ml. Where pH only was measured the relevant dead space was 0-5 m!. 
Not more than two samples, each of approximately 0-5 ml., were taken in the course of an 
experiment, with a larger sample of approximately 1 ml. just at the end. In some experiments 
only one sample for analysis and more pH readings were taken. Duplicate analyses could not be 


Y 
YY GAY 
5 LLLLL WY, 
“7 
fem. art. 
syringe was attached. 
| 


CARDIAC AND RESPIRATORY CHANGES IN 0, POISONING 153 


Calculation of blood carbon dioxide pressure 

The calculations whereby the carbon dioxide pressure of the true plasma was determined were 
dependent on certain approximations, and subject to probable causes of error, to an extent that 
would not be tolerated where animal and apparatus were under the constant and direct control of 
the experimenter. None the less, it seemed that the total error would be relatively small in relation 
to the size of the changes in carbon dioxide pressure in the blood, the presence or absence of which 
it was sought to determine, and that the results would be useful provided their limitations were 
recognized. Blood and true plasma have identical CO, pressures and use was made of the form of 
the Henderson-Hasselbalch equation (Severinghaus, Stupfel & Bradley, 1956a) given below: 

[CO,] 
POOs= 


It was assumed that negligible change in blood CO, content took place during the interval between 
the drawing off and the analysing ofasample. Plasma CO, content in m-moles/l, was calculated by 
multiplying the figure for whole lood by the factor ‘f’ read from the nomogram of Van Slyke & 
Sendroy (1928). Assuming complete oxygenation of blood, this factor depends on the pH and on 
the oxygen capacity of the sample. This latter was taken to be 21 vol. % for male rats, based on 
a Hb of 99% Sahli (Creskoff et al. 1949) where 100% =15-6 g Hb%. The pH of the sample was 
calculated for the body temperature of the rat at the time of sampling, from the pH measured at 
room temperature, by the formula given by Rosenthal (1948). He showed that the measured pH 
in such circumstances was too high by a factor of 0-0174 u./1° C of difference between room tem- 
perature and body temperature. The solubility factor, 8, was read from the table given by 
Severinghaus et al. (1956a). The value of pK’ was read from the nomogram of Severinghaus, 
Stupfel & Bradley (19566); it depends on the body temperature and on the measured or cal- 
culated pH for that temperature. It was thought that the most likely errors would tend to give a 


_ low pH and high oxygen capacity which, being in opposite directions, would tend to cancel out 


(Peters & Van Slyke, 1932). Independently, a calculated pH that was too low would give values 
for pK’ and for pCO, that were too high. As Severinghaus et al. (1956a) have pointed out, an 


- error of 2% in estimating [CO,] will lead to an error of 2% in pOO, and an error of 0-02 pH unit 


will lead to an error of 4-5% in pCO,. 


RESULTS 
| General 
Convulsive seizures were not observed in any animal at any time. In the earlier 
part of many experiments, periods of hyperpnoea of varying duration were 
very obvious. The degree of pulmonary damage was no greater, on the average, 
than that found in unanaesthetized animals, but the average duration of 
exposure to oxygen was very much longer than that for which intact un- 
anaesthetized rats can be exposed without convulsions and death (Taylor, 
1956, 1958, b). However, it was obvious that the degree of lung damage was 
much greater than average in those animals anaesthetized with chloralose and 
urethane and given, in addition, atropine. 

Abnormalities of the electrocardiogram were frequently observed. These 
included inverted or absent P waves, prolongation of the P—R interval, changes 
in the QRS complex resembling those of bundle-branch block in man, and 
peaked, inverted or biphasic T waves. The P-R interval tended to increase as 


an experiment progressed, but changes, specially in the P waves, were not 
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infrequently transient, occurring only for relatively short periods during 
exposure despite continued slowing of the heart (Fig. 3) or, in other cases, 
lasting throughout the latter part of the experiment only to revert to normal 
on decompression. 


Lu 


1 sec“ 
Fig. 3. Electrocardiographic recordings from a rat exposed to O, under a pressure of 6 atm, 
taken at (a) 20 min, (6) 60 min, (c), 90 min after the beginning of compression, and showing 
(a) normal P waves, (b) their disappearance and (c) reappearance, with progressive slowing of 


Comparison of changes in cardiac and respiratory rate in rats anaesthetized 

with chloralose and urethane and with barbiturate | 
All animals given chloralose and urethane only (17) and barbiturate only (9) 
were compared with respect to the times taken for cardiac and respiratory 
rates to slow to 50% of their initial values (as recorded at the beginning of 
compression). Heart and respiration rates throughout the experiment, 
together with changes in mean blood pressure, for three consecutive experi- 
ments with either anaesthetic, are illustrated zraphically in Figs. 4 and 5. 
The results demonstrated clearly the differences between the two groups in the 
time to onset of the selected degree of cardiac and respiratory slowing. In 
the animals anaesthetized with chloralose and urethane such slowing was of 
telatively rapid onset, occurring in less than 2 hr in thirteen out of seventeen 
instances, and frequently in much less time than this. In two other cases, 
respiration was not recorded beyond 105 and 75 min, when the heart rate had 
fallen to less than 200 beats/min. In four out of nine rats anaesthetized with 
_ barbiturate, on the other hand, the heart did not slow by the stipulated 
amount after exposures of the order of 3-4 hr. In the other three, the heart 


_ slowed to this extent after 150, 225 and 270 min. In three of these seven rats 
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_ respiration ceased between 155.and 200 min. Only in one animal out of the nine 


did both heart rate and respiration slow to the stipulated extent in approxi-— 


mately 2 hr. In one other animal the respiration only slowed within this period. 


Only in four of the seventeen rats which exhibited appreciable slowing of 
heart or respiration or both, in 2 hr or less, was severe pulmonary damage 
observed at autopsy; in most cases it was negligible. 

In a number of experiments decompression was carried out before the death 
that would otherwise have ensued inevitably in a relatively short time. In 
some of these experiments, decompression was followed by an increase in 


Mean art. B.P. (mm Hg) Resp. rate (cycles/min) 


400. 
| 
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3 
2 200 
400 


Time (min) 
Fig. 4. Graphs (from above down) of resp, rate, mean art. B.P. and heart rate, plotted against 
time from beginning of compression, from three consecutive experiments on rats anaesthetized 
with chloralose and urethane and exposed to O, under a pressure of 6 atm. O, rat 55; x, rat 

56; @, rat 79. D indicates time at which decompression was begun. | 
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cardiac and respiratory rates which was sometimes of short duration and 
sometimes lasted until the experiment was terminated. This recovery took 
place on occasion even after respiration had ceased altogether. There are thus 
no figures for survival times in oxygen for the two groups of rats; but it was 
quite clear from the responses of the animals that those anaesthetized with 
barbiturate had a potential survival time on the average very much longer 
than that of the animals given chloralose and urethane. Some of the animals 
given barbiturate died very suddenly without a premonitory falling off of 


cardiac or respiratory rate. . 
: 
© 


200 
100+ 
40 80 120 160 200 240 
Time (min) 


Fig. 5. Graphs (from above down) of resp. rate, mean art. B.P. and heart rate plotted against 
time from beginning of compression, from three consecutive experiments on rats anaesthetized 
with barbiturate and exposed to O, under a pressure of 6atm. ©, rat 119; @, rat 104; 

x, rat 195. D indicates time at which decompression was begun. 


Effects of vagal section, atropine and atropine plus dibenzyline. In seven 
animals anaesthetized with chloralose and urethane bilateral vagal section 
was performed. In five of these respiration ceased within 125 min and in 
three, indeed, when the heart rate was still over 300 beats/min. In the sixth, 
death occurred following a precipitous fall in blood pressure and rise in 
respiratory rate. In the remaining animal, blood pressure fell steadily and the 
experiment was stopped after 120 min when cardiac and respiratory rates had 
reached approximately 60% of their initial values. Seven animals anaesthet- 
ized with chloralose and urethane were given atropine. In all seven respiration 
ceased within 100 min, cardiac slowing lagging slightly behind. It was thus 
impossible to form a clear opinion about the effect of oxygen under pressure 
on the heart in the absence of vagal function, and independent of the effect on 
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respiration. Of six animals anaesthetized with barbiturate three were given 
atropine and three were subjected to vagal section. The results were similar to 
those obtained in animals given the barbiturate anaesthetic only. Three 
animals given chloralose and urethane and three given barbiturate were each 
given in addition both atropine and dibenzyline. In all those given chloralose 
and urethane respiration ceased in less than 2 hr, and the heart rates when this 
occurred were between 264-276 beats/min. The cardiac slowing, however, 
appeared to start before the respiratory slowing. The animals given barbi- 
turate showed no evidence of respiratory failure and showed no steep fall in 
heart rate within a period of 160-200 min. Rises in mean blood pressure were 
less pronounced in these rats but were by no means absent. 

The effects of adrenalectomy. Seven animals, four anaesthetized with 
chloralose and urethane and three with barbiturate, had undergone bilateral 
adrenalectomy one week before exposure to oxygen. The operation did not 
appear to make any difference to the response of the first of these groups, but 
there was a suggestion that the susceptibility of the animals treated with 
barbiturate was increased, although the small number involved precludes any 
dogmatic assertion. 

Relation between changes in heart rate, respiratory rate and blood pressure. 
It was to be expected that changes in these characteristics would be closely 
related to each other, but it seemed important to search for evidence of any 
regularity in the order of onset of such changes. Since decreases in both heart 


ate and respiration often occurred suddenly and within a very short time of 


each other, it was sometimes difficult to determine which of the two had in 
fact changed first. 

Respiratory failure occurred in twenty-seven of thirty-eight animals 
anaesthetized with chloralose and urethane and in nine of twenty-one animals 
anaesthetized with barbiturate. On the other hand, in five animals given 
chloralose and urethane the heart rate fell to less than 200 beats/min, while the 
respiration remained above 30 cycles/min; and in all five the lungs at autopsy 
were found to be undamaged. In a further seven such animals, one of them 
vagotomized, the heart rates fell to 60% of the initial values before the 
respiration rates did so. In yet another case, the heart rate was heard to drop 
quite suddenly from more than 300 to less than 200 beats/min, and within a 
few moments the respiratory rate had fallen from 52 to 20 cycles/min. In none 
of the twenty-one animals given barbiturate did the heart rate fall to 50% 
of its initial value before the respiration did. 

It is perhaps of some importance to emphasize that the great majority of 
cardiac and respiratory rates were initially of the order of 400/min and 50/min 
respectively. In fact, if decreases to values of 200/min and 25/min had been 
chosen for comparison instead of decreases to 50% of the initial values, the 
times recorded would have been substantially the same. 
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The mean blood pressure seemed in general to bear a closer relation to the 
respiratory rate than to the heart rate. In animals anaesthetized with 
chloralose and urethane, but otherwise untreated, the graphs for heart rate 
and respiration were very similar in shape, while those for mean blood pressure 
were practically mirror images of the other two. The blood pressure frequently, 
but by no means always, rose steeply as the respiration failed; and any such 


tendency was much less obvious in animals injected with dibenzyline, and was — 


hardly apparent in adrenalectomized animals. Animals from which blood 
_ samples were taken were scarcely comparable in this respect. 


TaBiE 1. Total CO,, arterial blood pH and CO, pressure, with cardiac and respiratory rates, 
at time of sampling, from eight rats anaesthetized with chloralose + urethane (C + U), with or 
without bilateral vagotomy (V) and from two rats anaesthetized with barbiturate 


ies Rate at 
Time from time of 
beginning of Total sampling 
exposure, at in 
which sample _ whole Heart Resp. 
was taken blood pco (beats (cycles/ 
Rat Treatment Sample (min) (%(v/v)) pH (mm Hg) /min) min) 
817 C+U 1 30 43-66 7-46 31:9 180 50 
2 70 38-98 7°29 39-0 168 45 
3 90 58-48 711 85-2 130 0 
832 C+U 1 120 42:50 7-45 30-2 312 51 
2 140 43-80 7-40 34-9 144 36 
855 C+U | 100 31-90 7-57 18-1 420 64 
; 2 150 33-32 7-45 23-8 192 32 
48 C+U 1 34°24 7-41 27-8 372 64 
2 100 31-09 7°45 22-5 312 52 
3 120 32-67 7-28 33-8 120 30 
870 Barb 1 100 43-91 7-60 23-8 468 8&4 
2 120 42-77 7-23 50-3 144 20 
| 3 150 45-96 6-80 100-3 240 0 
861. Barb. 1 100 58°47 7-49 39-5 348 58 
2 200 42-93 7-61 22-2 324 66 
879 C+U+V 1 100 30-75 7-42 23°5 312 36 
886 C+U+V 1 110 37-00 7-29 37-6 312 16 
: 2 125 51-14 6-80 147-9 240 0 
15 C+U+V oe 80 49-08 6-90 109-7 318 0 
876 C+U+V. 80 34°85 7-23 33-3 408 42 
2 100 30-24 7-13 43-4 372 54 


_ Changes in total carbon diowide, carbon dioxide pressure and pH of the blood 

One or more blood samples were taken for analysis in fifteen experiments. 
In twelve of these, chloralose and urethane was the anaesthetic. This was so 
because it seemed most useful to take samples, as far as was possible, just 
_ before, and then after, the development of fairly severe cardiac and/or 
respiratory slowing, and this occurred more often and more regularly when 
chloralose and urethane rather than barbiturate was the anaesthetic. In five 
experiments it was possible to measure only total carbon dioxide in whole 
blood. In the remaining ten (Table 1), pH was measured in addition, and 
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from this plasma carbon dioxide content, and hence carbon dioxide pressure, was 
calculated, the latter for the body temperature recorded at the time of sampling. 

In eight of these ten experiments a fairly pronounced fall in both heart rate 
and respiratory rate was accompanied by a fall in pH. In one experiment a 
rise in respiratory rate with little change in heart rate was accompanied by a 
rise in pH, and in the remaining instance a fall in heart rate with a moderate 
decrease in respiration was accompanied by a rise in pH from a value some- 
what below normal to one within normal limits. In the early part of seven of 
the experiments, on the other hand, there was a rise in pH associated with a 
temporary increase in rate or depth of respiration or in both. All blood samples 
taken during, or just after, such a period of increased respiratory activity had 
rather low COQ, pressures in association with the recorded increase in pH. 

There was no indication that any large increase in carbon dioxide pressure 
occurred before the onset of cardiac or respiratory slowing. In fact some of the 
values were unexpectedly low—all the more so, considering that the probable 
error involved in the estimation of CO, pressure was thought to point in the 
direction of high rather than low values. Four of the eighteen samples analysed 
completely showed that a CO, pressure of less than 40mm Hg could coincide 
with a heart rate of less than 200 beats/min. After respiration had ceased, 
however, there was evidence of an extreme degree of acidosis and of very great 
increases in CO, pressure. The analyses of the samples in which only total 
CO, content was measured confirmed these findings; the single high value was 
that of a sample taken after respiration had ceased. | 


Effects of cooling while breathing normal air at atmospheric pressure 

Three animals were allowed to breathe atmospheric air at normal pressure. 
Two were anaesthetized with chloralose and urethane and one with barbiturate; 
the rectal temperature fell to 26° C in one and to 34° C in the other two. The 
two animals given chloralose and urethane survived very much longer than 
was usual in oxygen under high pressure without evidence of cardiac or 
respiratory failure, and it was in fact the rat given barbiturate which suddenly 
exhibited failure of these functions in just under 3 hr (Fig. 6). 


DISCUSSION 
The most striking result of these experiments is the relatively rapid and severe 
slowing of heart and respiration in animals anaesthetized with chloralose and 
urethane, when compared with those given barbiturate. The slowing is not 
_ due to a reflex following a rise in blood pressure. In many cases a considerable 
degree of slowing took place before any appreciable rise in blood pressure, and 


slowing occurred in those experiments with dibenzyline or adrenalectomy, | 


although changes in blood pressure were on the whole much less. 


All animals showed a fall in body temperature, usually to 34-32° C. That 
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the slowing was not due to a fall in body temperature is shown by the results 
obtained from the animals breathing air at atmospheric pressure (Fig. 6). 
Furthermore, exposures to oxygen were of considerably longer duration when 
barbiturate was the anaesthetic, and therefore the degree of cooling was 
greater than when chloralose urethane was given, but it was in the latter 
type of experiment that early and severe cardiac and respiratory slowing was 
observed. | 
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Time (min) ~~ 
Fig. 6. Graphs (from above down) of resp. rate, mean art. B.P. and heart rate from experiments 
on three rats exposed to normal air at atmospheric pressure. Rat 9868, @, and rat 213, 
O, were anaesthetized with chloralose and urethane, whereas rat 185, x, was anaesthetized 
with barbiturate. 


Equally, although evidence of conduction disturbances was plentiful, the 
cardiac slowing cannot be ascribed to any persistent change in location of the 
pace-maker. In the experiment illustrated in Fig. 3, for example, the disap- 
pearance of normal P waves was transient, although the heart rate fell con- 


_ tinuously throughout the experiment. 


Moruzzi (1955), and in discussion during a visit to this laboratory, basing 
his opinion on the experiments of Batini, Parma, Ricci & Zanchetti (1953) and 
Cherchia, Mantegazzini & Parma (1955), expressed the opinion that these 
differences between the two groups of animals were due to the different actions 
of the drugs at cortical level. Wechsler, Dripps & Kety (1951) found evidence 
suggesting an interference with oxygen utilization at the cellular level in 


barbiturate anaesthesia. If the result of this were a decreased formation of — | 


toxic metabolites, which, it has been suggested (Bean & Bohr, 1944), accu- 
mulate following damage to essential enzyme systems as a result of the action _ 
of oxygen under pressure, some protection should be afforded by barbiturate. 
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In those rats which were given chloralose and urethane only, the effects of 
exposure to oxygen under pressure were similar in many ways to those 
described by Whitehorn & Bean (1952) in decerebrate dogs. These authors, 
in discussing their results, drew attention to the many ways in which the 
effects of oxygen under pressure resembled the effects of hypercapnia and also 
of anoxia. Primary slowing of the heart could not, in general, have been due 
to asphyxia in the usual sense of the term, because in a number of experiments 
it was observed either before the onset or in the absence of respiratory slowing 
of any great degree, and no lung damage was found at autopsy. This does not 
of course exclude ‘hyperoxic anoxia’, due to poisoning of enzymes as suggested 
by Bean & Bohr (1940, 1944). 

In the present investigation high values for CO, pressure were not found, 
except in the terminal stages of an experiment when respiratory failure had 
occurred, Attention has been drawn already to the surprisingly low values 
for many samples and to the fact that in four of these the calculated CO, 
pressure was less than 40 mm Hg when the heart rate was less than 200 beats/ — 
min. The analyses, certainly, were made on arterial blood, and thus do not 
indicate directly the ‘tissue’ CO, pressure. This whole problem has been fully 
discussed by Lambertsen and his colleagues (Lambertsen, Kough, Cooper, 
Emmel, Loeschke & Schmidt, 1953a, 6; Lambertsen, Stroud, Ewing & Mack, 
1953). They criticized the very high values obtained by Campbell (1929) and 
H. J. Taylor (1949) from analysis of subcutaneous gas depots after rapid 
decompression of the animals, Their own results, from human and animal 
subjects (Kough e¢ al. 1951; Lambertsen et al. 1953a), were within theoretically 
normal limits when blood samples were taken from the internal jugular vein, 
and were somewhat below normal in arterial blood samples, in agreement with 
the findings from experiments on anaesthetized dogs published earlier by 
Behnke et a/. (1934). They came to the conclusion that ‘central’ CO, pressure 
was reasonably accurately indicated by that of internal jugular vein blood, 
which they found to be increased only by 3 mm Hg—less than the theoretical 
value—by reason, they thought, of the associated hyperventilation in the ~ 
absence of lung damage. There seems no reason to suppose that the situation 
is different in the ma] jority of the present experiments and thus the results do 
not support the opinion of Whitehorn & Bean (1952) that slowing of the heart 
rate and respiration is caused, even in part, by a primary accumulation of CO, 
in the tissues. Bahnson & Matthews (1953), who found high CO, pressures in 
both arterial and venous blood, used restrained unanaesthetized rats, subject 
to convulsions, and they deliberately left the taking of the samples until late 
in each experiment. 

Bean and his colleagues have suggested that interference with normal vagal 
function is an important cause of some of the phenomena associated with 


exposure to oxygen under high poeenare. Bean & Rottschafer (1938) said that 
Il PHYSIO. CXLIII 
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a slowing and deepening of respiration, similar to that seen in normal animals 
after vagal section, was one of the earliest manifestations of toxicity. They 
thought ‘that high oxygen pressure can produce a central vagal block and thus 
alter breathing; but it can initially slow the heart by efferent vagal impulses, 
and secondarily increase heart rate by blocking the inhibitory action of the 
vagi’. Similar results were obtained by Whitehorn & Bean (1952). Brady- 
cardia of early onset was abolished by vagal section. They did not mention the 
occurrence of convulsions in these experiments. In the experiments described 
in the present paper it was very difficult to draw any conclusions about the 
role of efferent vagal impulses in determining the bradycardia, since in twelve 
of the fourteen rats which were anaesthetized with chloralose and urethane 
and either injected with atropine or vagotomized respiratory failure supervened 
just as quickly as in the rats given chloralose and urethane only. Neither 
vagotomy nor atropine made any significant difference to the time of onset 
of such decrease in cardiac and respiratory rates as did occur in animals 
anaesthetized with barbiturate. The initial fall in respiratory rate which was 


observed in these animals immediately after vagal section seems to point to 


the absence of any effect of the barbiturate alone on afferent vagal impulses. 
There seems to be no obvious explanation for the increase in severity of the 


| lung damage in animals anaesthetized with chloralose and urethane and given — 


atropine also, but the observation is not easy to fit in with the view of Penrod 
(1956) that the appearances of the lungs in animals exposed to high oxygen 
pressures are the result of atelectasis following blockage of the smaller re- 


| spiratory passages by secretion. 


A fall in pH, concurrent with cardiac and respiratory slowing, was demon- 
strated in eight out of ten experiments. Although the experiments are too 
few to allow firm conclusions to be drawn, there was a suggestion that this fall 
in pH was associated, before the onset of respiratory failure, with CO, pressures 
below the normal range. Thus, although no direct estimate of CO,-combining 
power was made, the results are consistent with a metabolic acidosis. Bean 
(1931) found a decrease in pH and an increase in lactic acid in the blood, while 
Bahnson & Matthews (1953) found a large decrease in CO,-combining power 
which they thought was due, most likely, to an accumulation of lactic acid, 
possibly as a result of inactivation of enzyme systems by oxygen under high 
pressure. A further factor in the present series of experiments is the lowering 
of body temperature. Brewin, Gould, Nashat & Neil (1955) have shown that 
this results in a metabolic acidosis. 

Clearly further work is required on a larger species to enable more Rletailed 
— of these various disturbances to be made. 
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SUMMARY 


E The effects of oxygen outer & pressure of six atmospheres on cardiac 
and. respiratory rates and on the CO, pressure and pH of the arterial blood were 
studied in. rats sputoprecrahcnpete with chloralose and urethane and with 
barbiturate. 

2. There was a striking difference between those rats anaesthetized with 
chloralose and urethane and those given barbiturate, in the average time 
required for an appreciable degree of slowing of the heart and respiration to 
develop, the changes occurring much sooner in the rats given chloralose and 
urethane. 
8. The difference between these two groups was not affected by such pro- 
cedures as bilateral vagal section, injection of atropine with or "Without 
dibenzyline, or bilateral adrenalectomy. 

4, In some animals, given chloralose and urethane but otherwise untreated, 
slowing of the heart clearly preceded slowing of the respiration. Respiratory 
failure occurred sooner or later in two thirds of all the animals. This made it 
difficult to decide to what extent slowing of the heart by itself depended on 
the integrity of the vagi. 

5. Lung damage was on the average less severe than is usual in unanaesthe- 
tized animals, bearing 1 in mind the differences in duration of ~~ to 

6. There was evidence that slowing of heart and respiration was accom- 
panied by a fall in the pH of the arterial blood. 

7. There was no evidence of a rise in CO, pressure in the arterial blood before 
the onset of cardiac or respiratory failure; after respiratory failure, CO, 
pressures attained very high levels. 


I wish to express my thanks to Dr K. Carter of Smith, Kline & French International Co. for a 
supply of dibenzyline, and to Mr J. McConnachie and Mr J. Reaper for technical assistance. 
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THE EFFECTS OF ACETYLCHOLINE ON MEMBRANE 
POTENTIAL, SPIKE FREQUENCY, CONDUCTION 
VELOCITY AND EXCITABILITY IN THE 
TAENIA COLI OF THE GUINEA-PIG 


By G. BURNSTOCK 
From the Department of Pharmacology, University of Oxford 
(Received 16 April 1958) 


In studying the electrophysiological basis of the mode of action of drugs on 
smooth muscle, the ‘sucrose-gap’ technique (Stampfli, 1954; Burnstock & 
Straub, 1958) has been found useful, as an alternative to the difficult method 
of intracellular recording. It is possible with the ‘sucrose-gap’ to obtain a 
continuous record of changes in membrane potential over a period of several 
hours. In addition, by stimulating the muscle rhythmically (Biilbring, Burn- 
stock & Holman, 1958), it is possible to produce large regular spikes whose 
conduction velocity can be determined. 

It has been shown previously that acetylcholine causes a fall in resting 
potential and a rise in spike frequency in the smooth muscle of the taenia coli 
of the guinea-pig (Biilbring, 1954, 1955; Burnstock & Straub, 1958). In 
addition Biilbring (1957), using the intracellular recording method, described 
a slowing in the repolarization phase of the action potential after the appli- 
cation of acetylcholine, The present paper carries the analysis of the action of 
acetylcholine a step further, by recording correlated changes in resting 
potential, spike configuration and conduction velocity. 

It has been observed previously that acetylcholine, under a variety of 
conditions, no longer causes a contraction of smooth muscle, but causes | 
relaxation. Such a reversal of the mechanical response was seen after previous" 
exposure to high concentrations of potassium (Cantoni & Eastman, 1946; 
Graham, 1951), or in the presence of eserine (Biilbring, 1953; Shelley, 1955), 
or after previous application of high concentrations of acetylcholine (Burn & 
‘Vane, 1949). The electrophysiological basis of this reversal has been examined 
in the present paper. 


METHODS 
coli of the guinea-pig were used in the experiments. The strips were teased from the serosal surface 
of the intestine so that they were free of enteric ganglion cells (Biilbring ¢¢ al. 1958). 
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The strips were mounted in the ‘sucrose-gap’ apparatus first described by Staémpfli (1954) and 
in more detail for extracellular recording from smooth muscle by Burnstock & Straub (1958). 
The potential difference between the two sucrose-Krebs’s solution junctions (7 mm apart) was 
recorded by a pair of Ag~Ag(l electrodes, connected through a KCl-agar bridge. The electrodes 
were connected to a pair of cathode followers and the potential difference was amplified by a 
direct-coupled amplifier and displayed on a cathode-ray tube. The solution used in the experiments 
was a modification of Krebe’s solution (Bilbring, 1953). Solutions containing higher potassium 
concentrations were obtained by adding a known amount of solid potassium chloride to the 
Krebs’s solution. During experiments all solutions were equilibrated with 95% O, and 5% CO,. 
The isotonic sucrose solution contained 10% (w/v) sucrose (A.R.). The fluid in one side of the 
apparatus was kept at room temperature, while the test solutions passing through the other side 
were maintained at between 28° C and 37°C. A specially designed 8-way Perspex tap immersed 
in the heating bath allowed rapid change of eight different bathing solutions with a time lag of not 
more than 30 sec between each change. 

For stimulating the muscle in the manner described by Biilbring et al. (1958), two rings of silver 
were incorporated into the ‘test’ side of the recording chamber and the muscle threaded through 
them. The stimulating electrodes were placed 7 mm from the sucrose-Krebs’s solution junction. 


A square wave stimulator was coupled to the preparation by a radiofrequency unit. 


RESULTS 
| Normal activity 

When spontaneous spike activity was recorded extracellularly by the sucrose- 
gap method the form and size of the action potential showed considerable 
variation (Fig. 1a). This probably occurs because the electrode is in contact 
with a number of asynchronously firing cells. In addition, the membrane 
potential often showed slow fluctuations of about 5 mV, each rise and fall 
lasting about 3 min, This made it difficult to measure small changes due to the 
application of drugs. To overcome such difficulties the preparations were 
stimulated rhythmically at a rate close to that of spontaneous activity. Under 
these conditions the resting potential remained constant over long periods, so 
that changes of potential due to applied drugs could be measured to within 
0-5 mV. Furthermore, in ‘driven’ preparations, the activity of the cells from 
which recording was made was synchronized and large regular spikes were 
produced (Fig. 16). The largest spikes obtained in this way were 30 mV. 

_ The configuration of the spikes was the same whether spontaneously or 
_ electrically induced, providing they were uncomplicated and of similar mag- 
nitude, Fig. 2a shows spontaneous action potentials recorded in Krebs’s 
solution, Fig. 25, in one containing additional KCl (15 mm), while Fig. 2c and d 
are records of ‘driven’ spikes in the same solutions for comparison. . 
_ The form of the spike in response to stimulation was much the same whether 
recorded by the sucrose-gap method, or intracellularly with high resistance 
micro-electrodes; i.e. an initial slow phase of depolarization led to a fast phase, 
the rate of rise being approximately equal to the rate of decay; this was 


followed by an after-hyperpolarization (Fig. 3). Despite these similarities, it 


can be seen that the duration of the spikes recorded by the sucrose-gap method 
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30 mV 


Fig. 1. Spike activity recorded from the taenia coli by the sucrose-gap method. Temp. 34° C. 
(a) Spontaneous activity—note irregularity of spike height and form; (b) same preparation 


| 
stimulus artifact. 


- 


1 


1 sec 
Fig. 2. Taenia coli; 34°C. 
Spontaneous spikes recorded in (a) Krebs’s solution and (b) Krebs’s solution containing 
3 x normal KCl (15 mm). Driven spikes from the same preparations recorded in (c) Krebe's 
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was about five times longer than that recorded intracellularly. Laie simple 
spikes were not always obtained and the variation in form and amplitude of 
the action potentials recorded by the sucrose-gap method may be explained 
in two ways: (1) small, complex spikes due to asynchronous activity, (2) small, 

simple spikes due to a reduction in the number of firing cells. The spikes of this 
second category may be produced during the relative refractory a and 
as a result of other variations in ens of individual cells. 


| 


30_ mV 
50 mV 


1 sec | 0:5 sec 


by the sucrose-gap method, temp. 36°C; and (6) intracellularly (trace included by kind 
permission of Mollie E. Holman), temp. 37° C. 


Fig. 4 illustrates the first case. It shows complex spikes produced (a) during 
spontaneous activity, and (b) by stimulating a preparation at too slow a rate © 
to drive it; (c) shows the result of driving a preparation during irregular 
_ spontaneous activity. When stimulated, the spikes became progressively larger 
and less complex until regular pure spikes appeared when all the cells were 
_ synchronized. In (d) complex spikes were produced by reversing the polarity 
of the stimulus. 

_ An illustration of the second case is given by a series of traces showing 
a gradation of spike size as a result of stimulating early or late in the relative 
refractory period (Fig, 5). 

_ In spontaneously active preparations, slow changes in membrane potential 
occur, which are accompanied by variations in spike activity (Biilbring, 1955). 
_ Indriven preparations no changes in membrane potential or spike rate occurred 
but, nevertheless, fluctuating excitability was apparent. Periods during which — 
no response was produced upon stimulation were often followed by the sudden 
appearance of large spikes, presumably because all the cells became excitable 
simultaneously (Fig. 6a). In another preparation which was stimulated at 
a constant rate throughout, the muscle responded to every stimulus during its 
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Cathodal Cathodal 
Seconds 
Fig. 4. Complex spikes recorded by the sucrose-gap method from the taenia coli; temp. 34° C; 
(a) during spontaneous activity; (6) while stimulating too slowly to drive the preparation ; 
(c) during the transition from spontaneous to pure spikes resulting from stimulation ; (d) during 


| 


Seconds 
Fig. 5, Stimulation during the relative refractory period; taenia coli; temp. 34° C. When stimu- 
lated at 54 pulses/min, every other stimulus produces either slow waves (a) or very small 
aborted spikes (b). When stimulated at 48 pulses/min (c) and (d), spikes of reduced height 
but pure form are produced by alternate stimuli. When stimulated at 42 pulses/min, either 
~ every other stimulus produces spikes of almost full height (e) or every stimulus produces a 

Spike of the same height (/). 
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most excitable phase, but at other times only every other stimulus produced 
a spike (Fig. 65). 

Previous work has shown that at 34° C it was possible to drive a preparation 
at. frequencies within about 25% above or below the spontaneous rate 
(Biilbring et al. 1958). In the same paper it was shown that for conduction 
over long distances (greater than 5 mm), the time of initiation of the spike was 
short relative to the conduction time. In the present experiments the electrode 
separation was 7mm, and the conduction velocity was calculated directly 


| Seconds 
Fig. 6. (a) All-or-none response to electrical stimulation; ‘silent period’ during which only slow 
waves occur in response to stimuli, followed by the appearance of a full spike. (6) Continuous 
record to show excitability fluctuation in a driven preparation; driving rate 48/min througb- 
out. Note transition from alternate response to stimulation to responses to every stimulus, 
_ then back to ‘alternans’. Taenia coli; temp. 34° C. 3 


from latency measurements. In two experiments the preparation was stimu- 
lated over as wide a range as possible and it was found that the conduction 
velocity decreased linearly as the driving frequency increased (Fig. 7). Table 1 
shows the effect of temperature on the conduction velocity and range of 
effective driving frequencies, calculated from twelve different preparations. 
The average of not less than 25 measurements of latency at the optimum 
driving frequency was taken for each experiment, The optimum driving fre- 
quency was defined as that frequency at which the largest spikes of equal size 
were produced in response to every stimulus. At.any one temperature, the 
driving range and conduction velocity varied considerably from one prepara- 
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tion to another (cf. Expts. 2 and 3, 6 and 7, 10 and 11). Nevertheless, it can 
. be seen that between 32 and 35° C the average conduction velocity increased 
from 4-7 % 6-7 cm/sec, but the range over which driving was possible decreased. 


Effect of ACh on membrane potential and spike frequency 
The action of ACh on a spontaneously active preparation recorded by the 
sucrose-gap method has been described previously (Burnstock & Straub, 1958). 
> The effect of three concentrations of ACh on a driven preparation is shown in 


depolarized very soon after ACh reached the muscle, spikes becoming smaller 


60 
rate 


: _ (cm/sec, ordinate). Krebs’s solution; taenia coli. x, temp. 32° C; O, 34° C. 


1. The effect of tem sip 


and on the range of 
Range of 
imum driving rate Avera 
Range of (as %, in — condu 
frequency driving rate to optim velocity 
Expt. (° (pulses/min)  (pulses/min) driving (cm/sec) 
1 35 54 48-74 6-7 
3 35 72 64-84 76 

33 48 58 
5 33 48 36-72 75 6-0 
6 33 54 48-72 44 3-7 
” 33 36 28-54 72 4-2 
8 33 36 32-58 72 5-2 
9 33 54 48-68 37 4:8 
10 $2 28-48 56 4-4 
$2 54 48-78 56 

12 82 32 (26-54 87 «3 


were significantly different — 


Fig. 8. Full recovery was allowed between each dose. The membrane became 
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and more frequent. Maximum depolarization was usually reached after 50 sec 
and some repolarization took place slowly during the following 30 min, During 
the initial depolarization it was not possible to drive the preparation because 
of the rapidly increasing spike frequency, but stimulation was usually effective 
about 30 sec after adding the drug. Pulses of 5 msec duration were sufficient 
to drive the preparation during this period, whereas in the absence of ACh 
pulses of about 20 msec were required. A graphic record of changes in resting 
potential and spike frequency during 10 min exposure to ACh shows that while 


ACh 


5 sec 


_ Fig. 8. Action of ACh on a driven preparation. Comparison of effects of three different concen- 


trations (10-’, 10-* and 10-* g/ml.) on membrane potential and spike frequency during first 
10 sec. Taenia coli; Temp. 34° C. , 


the stronger concentration (10- g/ml.) produced over twice as much depola- 
rization as 10-7 g/ml., within 5 min the membrane had repolarized to beyond 
the level maintained by the lower concentration (Fig. 9a). Similarly, in the 
presence of ACh 10° g/ml., the optimal driving frequency reached a maximum 
at 144/min and then declined rapidly to less than normal within 7 min, while 
with a dose of 10~’ g/ml. it rose more slowly to a peak of 103 spikes/min and 
remained above normal (45/min) for over 10 min (Fig. 90). 

_ Upon washing the preparation after treatment with ACh, there was usually 
a phase lasting about 2 or 3 min during which the membrane became hyper- 
polarized beyond the initial level, spike activity being either absent or at 
subnormal frequency, before normal activity was resumed. 


Effect of ACh on conduction velocity | 
Calculations of conduction velocity made from latency measurements 
showed that acetylcholine had a diphasic action, During the first 2-3 min 
after application, the conduction velocity became faster than normal (cf. 
Fig. 10a, 6). However, after this initial increase the conduction velocity fell 
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Fig: Comparison of effects of three different 
concentrations (O, 10-7; x , 10-*; and), 10-* g/ml.) on (a) membrane potential, and (6) spike 
frequency, during a period of 10 min exposure. Taenia coli; temp. 34° C. . 


Fig, 10. Comparison of the latencies of response to stimulation and spike configuration in 
(a) Krebs’s solution, (b) after 1 min in acetylcholine 10~’, (c) after 7 min in acetylcholine 10-’, 

_ (@) after 3 min in Krebe’s solution containing 15 mm-KCl. Taenia coli; — 34° C. 
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below the normal level (Fig. 10c) and then slowly returned to the initial 


value. 

Since under normal conditions the conduction velocity has been shown to 
decrease with increased driving frequencies, the apparent changes in conduc- 
tion velocity in the presence of ACh may be exaggerated or minimized. For 
example, in Fig. 10b the conduction velocity was faster, although the driving 
rate was increased; thus the actual effect was probably greater than the 
apparent one. On the other hand, in Fig. 10c and d, where the conduction 
velocity became slower though the driving frequency was still increased, this 
change was probably exaggerated. 

In some experiments a comparison was made of the conduction velocity 
changes produced by ACh, and Krebs’s solution containing high [K] (15 mm). 
Both these solutions produced a depolarization of about 10 mV and showed 
an increase in spike frequency, but the changes of conduction velocity showed 
striking differences. Whereas with high potassium the conduction velocity 
decreased immediately, reaching about # normal rate within 3 min and then 
remaining steady for 20 min or more, ACh had the diphasic action on the 
conduction velocity described above. This result can be seen by comparing the 
latencies of the spikes observed in the two solutions (Fig. 106,.d) and has also 
been illustrated graphically in Fig. 11a. 

Comparison of the effect of three concentrations of ACh on the conduction 
velocity (Fig. 116) showed that at a concentration of 10~* g/ml. the initial 
increase in rate was limited to the first 40 sec, while with 10-* g/ml. the initial 
phase was completely abolished (or was too short to record) and the conduction 
velocity was reduced in a manner similar to that produced by high potassium. 
After 5 min in ACh at this high concentration, the latency was increased to 
nearly twice normal. Later still, it was no longer possible to drive the prepa- 
tation. Table 2 summarizes the changes in membrane potential and conduction 
velocity produced by ACh during 25 experiments on eighteen preparations. 


Effect of ACh on spike configuration —_—. 
_ A comparison of the spike configurations observed in Krebs’s solution, ACh 
_ and a solution containing high potassium (15 mm) is shown in Fig. 10. It can 
be seen that in the normal spikes (a) the rates of rise and fall were roughly equal. 
However, in high potassium (d) and in muscle exposed to ACh for 3 min or 


‘more (c), the repolarization phase of the spike was slower than the rate of rise. 


During the first few minutes of treatment with ACh the rates of rise and fall 
of the spike differed little from those observed in normal spikes. The pre- 
potential, however, was clearly steeper than normal, and it merged smoothly 
into the spike proper (b). Thus the same changes in spike configuration after 
administration of ACh were observed as those recorded intracellularly from 
spontaneously active fibres (Biilbring, 1957). | 
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Fig. 11. (a) Comparison of changes in conduction velocity during 10 min exposure of the muscle 
_ to ACh 10-7 (©) and to a solution containing 15 mu-KCl (x). (6) Comparison of changes in 
conduction velocity during 10 min exposure of the muscle to ACh 10-” (©), 10-* ( x) and 
10-5 (0). Driving was impossible after 5 min exposure to 10- ACh. Taenia coli; temp. 34° C 


Taste 2, The effect of ACh on membrane potential and conduction velocity 
Average Av fall 


Average Average ~— initial increase in conduction 
ACh maximum increase in __ in conduction velocity 
concentration Temp. No.of depolariza- spike frequency velocity after 5 min 
(g/ml) (°C) expts. tion (mV) (%) (%) (%) 
10-7. 34 12 5-8 124 27 15 
10-* 34 8 8-4 188 25 18 
10-5 34 5 12-3 248 0 42 
Reversal of the effect of ACh 


(a) High potassium. Under normal conditions ACh causes a strong contrac- 
tion of the taenia coli. Fig. 12(a) shows an isometric record of the tension 
change produced by ACh 10-’. When this same concentration was applied 
during exposure of the muscle to a solution containing 4 times normal potas- 
sium, the contraction was smaller, (b), and in 8 times normal potassium, ACh 
caused relaxation of the muscle (c). In a parallel series of experiments ACh 
was applied after the muscle had been depolarized with solutions containing 
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increasing concentrations of potassium and the changes in membrane potential 
recorded, In Fig. 12 the effects observed during the first minute of exposure 
to ACh are shown. In a normal solution the membrane was depolarized by 
15 mV (d). In 4 times normal KCl the depolarization was reduced to 4 mV (e), 


Fig. 12.. Reversal of acetylcholine action in solutions containing high [K]. Mechanical action and 
membrane potential changes when acetylcholine 10~’ applied to muscle bathed in: (a) and (d), 
Krebs’s solution; (6) and (e), Krebs’s solution containing 4 x normal KCl (20 mm); (f), Krebs’s ; 
solution containing 6xnormal KCl (30mm); (c) and (9), Krebs’s solution containing _ | 
8 xnormal KCl. Taenia coli; temp. 36° C. ; 


TaBLE 3. Membrane potential changes (mV) produced oe two different concentrations : { 
of acetylcholine in solutions containing extra potassium S 
Acetyl- 
choline Potassium concentration (mm) 
concen- 


tration 5 
(g/ml.) (normal) 15 20 30 35 40 50 60 75 80 100 150 


10-7 -59 -05 404 415 422 412 407 0 0 0 
10-* -64 -2-4 0 +11 +10 +14 0 0 0 0 


=depolarization, + =hyperpolarization. — 


In 6 times normal KCl, ACh had no effect on the membrane potential, but it 
abolished the small oscillations caused by the high potassium (f). In 8 times 
normal KCl, ACh caused a hyperpolarization of 3-2 mV (g). Thus in this high 
concentration of potassium, the effect on the membrane as well as the mechan- 
ical action was reversed. Results from 18 experiments are summarized in 
Table 3, It can be seen that in concentrations of KCl between 30 and 60 mm 
(i.e. 6 to 12 times normal) the muscle membranes were hyperpolarized by ACh. 
‘With higher concentrations of KCl (60-150 mm) no action of ACh was observed. 


j 
it 
ie 
¥ 
€ te 48 
rf 
4 
f 
4 
| 
‘3 
3 
“ed 
4 


ACETYLCHOLINE ON SMOOTH MUSCLE 177 


No records of reversal in ‘driving’ experiments were possible, since the 
preparation did not respond to stimulation in solutions containing more than 
30 mm-KCl. Prosser, Smith & Melton (1955) found that conduction in the rat 
ureter failed in 7 times normal KCl (about 30 mm). 

(6) Low potassium. The effect of K-free solutions on the membrane potential 
and spike activity recorded by the sucrose-gap method confirms the work done 
with intracellular electrodes by Holman (1958), i.e. during an initial period 
lasting for about 6 min the membrane depolarized a little (1-4 mV) and large 
spikes appeared at a faster frequency than normal. During the following 
5-10 min the spikes became small and irregular and the membrane began to 
repolarize, while after about 15 min all spike activity ceased and the membrane 


30 sec | 
mv 


Fig. 13. Effect of eserine 10-* on both spontaneous (a-d) and driven (e-g) preparations. Change 
in membrane potential and spike frequency (a). Change in spike configuration after: 1 min 


exposure (b and ¢); 3 min (c and f); 5 min (d and g). Left time scale refers to b, c and d; 
right time scale refers to ¢, f and g. Taenia coli; temp. 34° C. 


reached a potential about 6mV above the initial value, Recovery after 
washing out took from 30 to 60 min. If ACh was applied during the first 5 min 
of K-free treatment, the muscle depolarized (5-8 mV) and showed increased 


_ spike frequency in the usual manner, but the low membrane potential was not 


maintained and a slow hyperpolarization brought about a cessation of spike 
activity within 5 min. When ACh was applied after 10 min exposure to K-free 
solution it caused little depolarization. 

(c) Eserine. Eserine 10-* g/ml. produced a depolarization of 6-18 mV and 
an increase in spike frequency (Fig. 13a). After 1-3 min, however, the mem- 
brane began to repolarize, the spikes becoming slower and increasingly 
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complex. Within 10 min the membrane had become hyperpolarized by 2-3 mV 
and all spike activity was abolished. Weaker doses of eserine reduced this 
action, small complex spikes still appearing after 10 min, while stronger doses 
had a greater action, the membrane becoming hyperpolarized and spike 
activity ceasing within 3 min. 

The spike configuration initially was much like that observed in high con- 
centrations of ACh (compare Figs. 106 and 136). After about 1 min, while the 
spike discharge was still regular, the duration of the action potential was greatly 
increased and this was due almost entirely toa decrease in rate of the falling phase 
(compare Fig. 2a with 13c, and 2c with 13f). During the following period the 
spike discharge became very irregular. The slow waves were very large, up to 
8 mV, with large and small spikes occurring from all points along their course 
(Fig. 13d). Similar changes were observed in a driven preparation (e, /, 9). 


ellis 


min 
Fig. 14. Reversal of ACh action by eserine. Taenia coli; temp. 34° C. The arrows indicate the time 
when ACh reached the muscle, eserine being present throughout. (a) Initial hyperpolarization 
produced by ACh 10-* after muscle had been exposed to eserine 10-* for 3 min; (6) hyper- 
polarization accompanied by increase in spike frequency. 


If ACh (10-* or more) was applied to a preparation which had been exposed 
to eserine, the action of ACh was reversed, i.e. the membrane was hyper- 
polarized (Fig. 14). In most experiments, the hyperpolarization was accom- 
panied by a reduction or cessation of spike activity (Fig. 14a), but in a number 
of experiments an increase in spike frequency occurred despite the increase in 
membrane potential (Fig. 145). Thus, under these conditions, the usual 
relation between spike frequency and membrane potential (Biilbring, 1955) no 


longer held. The initial phase of hyperpolarization lasted only about 1 min 


after which the membrane was depolarized. 


DISCUSSION 


Acetylcholine causes a depolarization of the smooth muscle membrane, which 
probably implies that its principal action is to increase ionic permeability. 
The problem is to discover whether the membrane becomes selectively perme- 
able to one particular ion or whether several or all the ions present are 
simultaneously involved. 
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At the motor end-plate it has been shown that ACh increases the perme- 
ability to Na, K and possibly to other free ions which are present on either 
side of the membrane (Fatt & Katz, 1951; del Castillo'& Katz, 1954, 1955). 
The results obtained so far concerning the action of ACh on the smooth muscle 
of the taenia coli are best explained by a similar hypothesis. It is probable 
that the initial depolarization is due either (1) to a fast net entry of Na ions, 
or (2) to the sudden efflux of intracellular anions. The role played by other ions 
such as Ca and Mg during the action of ACh, especially in the absence of Na, 
is under investigation. It is likely that these ions are involved in addition to 
Na, since Holman (1957) showed that in the taenia coli normal action potentials 
occur even when the external Na ion concentration is reduced to 3%. Further- 
more, both Holman and Burnstock & Straub (1958) showed that spike activity 
is produced even when all the NaCl is replaced by choline chloride. In crusta- 
cean muscle, where excitability is maintained in the absence of external Na 
(Fatt & Katz, 1953), the influx of Ca (or Sr and Ba) has been shown to be 
involved in the mechanism of the action potential (Fatt & Ginsborg, 1958). 
In the squid axon too, the rate of entry of Ca ions is greatly increased during 
stimulation (Hodgkin & Keynes, 1957). 

If the permeability to K (and, or Cl) ions is also increased by ACh in smooth 
muscle, the depolarizing action resulting from the entry of Na (and, or some 
other ions) would be opposed by an increased efflux of K ions, Supporting 
evidence for this hypothesis comes from the work of Born & Biilbring (1956) 
using radioactive tracers, who showed that ACh causes an increase in outward 
movement of K. Lembeck & Strobach (1955) also found that the rate of loss 
of K from strips of intestinal muscle in K-free media is accelerated during 
contraction by ACh. A decrease in rate of decay of the spike potential occurs 
after about 2 min exposure of muscle to ACh and is accompanied by a decrease 
in conduction velocity. This configuration is similar to that of spikes observed 
in muscle exposed to high K, where the conduction velocity is also reduced. 
In both cases this change could be explained by a reduction in the ratio of 
internal to external K concentration. 

The depolarization produced by ACh is abolished or reversed by solutions 
containing high K. This could be explained in two ways: (1) that the differ- 
ential permeability to Na and K is altered in high K, so that the hyperpolarizing 
influence of K efflux becomes greater than the depolarizing influence of the 
Na influx; or (2) that, like the neuromuscular transmitter (del Castillo & Katz, 
1954), ACh tends to reset. the membrane potential and shift it towards an 
‘equilibrium level’ which in the motor end-plate is about 10-20 mV negative 
inside, but in the smooth muscle appears to be about 20-30 mV. Thus, if ACh was 
added to muscle which had been depolarized previously with high K it would 
depolarize or hyperpolarize the membrane according to whether the present 
‘membrane potential was above or below the postulated renee 
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A special feature of smooth muscle, which may be related to the mode of 

action of ACh, concerns the mechanism of conduction. Conduction can take 
place across many cell lengths, but the velocity is very slow compared to that 
of other excitable tissues (Biilbring et al. 1958). There is evidence that sites of 
low electrical resistance exist between the cells (Ichikawa & Bozler, 1955; 
Prosser & Sperelakis, 1956; Biilbring e¢ al. 1958), but neither the passive 
properties of the membrane, nor the nature of the intercell connexion are yet 
known. However, by analogy with synapses, where electrical transmission is 


believed to occur (Fatt, 1954), it has been suggested that conduction may be - | 


expected to depend partly on the properties of the region of contact between 
adjacent cells, and partly on the excitability of the cells involved (Biilbring 
et al. 1958). Since ACh increases the conduction velocity during the initial 
phase of its action, it may be that it acts on one or other, or both of these 
factors. The sudden reversal from increased to decreased conduction velocity 
after about 2 min may be due to decreased excitability, possibly as a result of 
the high concentration of Na within the cells. The excitability of smooth 
muscle varies considerably both spontaneously and in response to electrical 
stimulation and drugs. It has been shown previously (Biilbring, 1955) and 
confirmed with the sucrose-gap method that one factor influencing the excit- 
ability of the muscle is a change in membrane potential. However all changes 
in excitability cannot be explained in terms of the level of the resting potential. 
_ For example, adrenaline abolishes spike activity even in muscles depolarized 
by solutions containing 3 times normal K (Burnstock, 19584). Bozler (1948) 
suggested that excitability of smooth muscle was influenced by locally pro- 
duced hormone. It is possible that ACh could be the local hormone in question, 
since its initial action is to increase the excitability and conduction velocity of 
the muscle, and because the main early change in configuration of the spikes 
concerns the ‘slow waves’ from which the spikes are usually generated. It has 


been demonstrated previously that ACh is continuously released in the gut: 


wall (Ambache, 1946; Feldberg & Lin, 1950; Evans & Schild, 1953; Burnstock, 
19586) and Feldberg & Lin (1950) as well as Burn (1950) believe that it is of 
non-nervous origin. | 
SUMMARY 

1. The variation in size and form of electrically induced action s seliale 
recorded by the sucrose gap method from the taenia coli of the guinea-pig is 
described. It has been shown that this method can be applied to the study of 
drug action not only on the membrane potential, but also on the characteristics 
_of the spike potentials, since the records obtained are similar to those recorded 
intracellularly. 

2. Acetylcholine causes a depolarization of the membrane and an increase 
in spike frequency. The relative effects of different concentrations are described. 

3. Acetylcholine has a diphasic action on conduction velocity. Initially 
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conduction is faster than normal but after 2 or 3 min it falls to a lower value, 
comparable with that observed in solutions containing high K. 

4. The initial effect of acetylcholine on spike configuration is to reduce its 
height and to increase the slope of the prepotential. After 2 or 3 min the spike 
duration is increased, largely owing to a reduction in the rate of decay. 

5. Relaxation of the muscle by acetylcholine in the presence of high 
potassium or eserine is associated with hyperpolarization of the membrane. 

6. The possible action of acetylcholine on the taenia coli is discussed in 
relation to the role of Na and K ions and to the mechanism of conduction. 
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help and encouragement during the course of this work and Professor B. Katz for his very helpful 
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THE ACTION OF ADRENALINE ON EXCITABILITY AND 

MEMBRANE POTENTIAL IN THE TAENIA COLI OF THE 

_ GUINEA-PIG AND THE EFFECT OF DNP ON THIS © 
ACTION AND ON THE ACTION OF ACETYLCHOLINE 


| By G. BURNSTOCK 
From the Department of Pharmacology, University of Oxford 


(Recewed 16 April 1958) 


The.adyantage.of the‘sucrose-gap’ method for analysis of the electrical basis 
of drug action has been discussed previously (Burnstock, 1958; Burnstock & 
Straub, 1958). Combined with the method of electrically stimulating smooth 
muscle described by Biilbring, Burnstock & Holman (1958) regular spikes of 
up to 30 mV can be produced and changes in membrane potential can be 
observed accurately for some hours. : 

Adrenaline has been shown to increase the resting potential, reduce the 
duration of the action potential, and usually to abolish all spike activity in the 
taenia coli (Biilbring, 1954, 1957). Bozler (1940) showed that adrenaline 
lowered electrical excitability in the uterus and in the intestine, often so much 
that muscular conduction was temporarily abolished. In the present work the 
dependence of spike activity on the resting potential and on electrical excit- 
ability during treatment of the taenia coli with adrenaline has been investi- 
gated. The effect of adrenaline on muscle treated with solutions containing 
a high concentration of potassium was also observed. In this way an investi- 
gation of the effect of adrenaline on spike configuration and conduction velocity 
was possible. 

The mechanical action of 2:4-dinitrophenol (DNP) on n the taenia coli was 
examined by Born & Biilbring (1955). They found that DNP at first increased 
and then decreased tension and spontaneous movements. In a later study, 
Biilbring & Liillmann (1957), using micro-electrodes, showed that the electrical 
change was also diphasic. Initially the spike frequency and duration were 
increased, while later spike activity was depressed, and finally ceased. How- 
ever, the authors pointed out that the alterations in membrane potential 
accompanying these changes were hard to analyse, owing to the difficulties 

inherent in their technique. — in resting potential and conduction 
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velocity resulting from the application of different doses of DNP were recorded 
in the present work. In addition, the effects of applying adrenaline and acety!- 
choline during both the excitatory and inhibitory phases of action of DNP are 
described. 


METHODS 


The method used was the same as that described in the previous paper (Burnstock, 1958), In 
addition, the electrical effects occurring in the muscle were recorded on two oscilloscopes (and two 
‘slaves’) connected in parallel so that membrane potential changes could be photographed on 
a slowly moving film, while changes in spike configuration could be taken simultaneously on a fast 
RESULTS 
Action of adrenaline 
When adrenaline was applied to the muscle, spike activity was abolished and 
the membrane became hyperpolarized by 4-12 mV. Upon washing out, the 
spikes reappeared and the membrane was repolarized. During this recovery 
the muscle showed increased activity for a period of about 4 min before normal 
rhythm was resumed. The effect of adrenaline on a spontaneously active 
preparation is shown in Fig. 1, while its action on a preparation stimulated 
electrically is illustrated in Fig. 2. The significant feature was that the spikes 
became smaller and often disappeared before the membrane was hyperpolarized 
and could not be reintroduced by electrical stimulation, even if the strength 


of the stimulus was increased. In addition, on washing out the drug, large 


spikes appeared well before the membrane had repolarized to its initial level. 
_ A comparison of the action of two different concentrations of adrenaline on 
the membrane potential and spike frequency is shown graphically in Fig. 3, 
together with the effect of adrenaline after treatment of the muscle by high K. 
At a concentration of 10-7 adrenaline, the maximum membrane potential was 
reached within 60 sec and this value was maintained for about 10 min. Even 
after 20 min it had fallen only by 2-3 mV. However, at a weaker concentration 
_ (10-*) the membrane potential fluctuated in a manner similar to that described 
by Biilbring (1954). Maximum hyperpolarization was again reached within 
60 sec, but despite continual bathing of the muscle with fresh drug solution 
the membrane repolarized and some spike activity reappeared for a short 
period before the membrane again became hyperpolarized. These spikes were 
characterized by short duration, fast rate of decay and prominent after- 
hyperpolarization, changes which were in agreement with those observed 
intracellularly (Biilbring, 1957). 

If adrenaline (10-’) was applied to a preparation which had been depolarized 
_ previously by 16mV with Krebs’s solution containing 3 n-KCl, a similar 


fluctuation of the membrane potential appeared. The initial relative hyper- 


polarization was greater than in normal solution (15-20 mV) and spikes dis- 
appeared within 10sec, despite the depolarized state of the membrane 
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(Fig. 4a). No responses to electrical stimulation, even with pulses of 300 msec 
duration, could be elicited during thie phase. However, after 40 sec spikes of 
gradually increasing amplitude appeared and the membrane began to depo- 
larize again, One minute after the application of adrenaline, the membrane 
had repolarized by about 8 mV and a phase of increased excitability was 
evident during which the spikes were large with short latencies and fast rates 
of decay (Fig. 4d). Two minutes later the spikes were very much like those 3 
recorded in high K before application of adrenaline (cf. Fig. 4c and e). 


b 


1 min 
Fig. 1. Action of adrenaline 10~’ on a spontaneously active taenia coli preparation. Temp. 34° C. 
(a) During first minute; note spike activity abolished and membrane hyperpolarized ; (6) after 
2 min; (c) after 4 min, adrenaline washed out; (d) 3-5 min after washing; (e) recovery after 
4 min washing; note spikes appear before membrane becomes repolarized. 


Recovery in Krebs’s solution 
f 


i ‘driven’ taeni ion. . 34° C. (a) Control, 

. 2. Action of adrenaline 10~ on a ‘driven’ taenia coli preparation. Temp. 34 
adrenaline; (d) and (e) membrane potential after 50 sec and 90 sec exposure respectively ; 
(f) and (g), continuous record of recovery after 30 sec washing out. 3 
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<—Depolarization 
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Fig. 3. :O, 10-8; x, 10-*; (9, in solution containing 
- $xnormal KCl (15 mm), over a period of 20 min. Taenia coli; temp. 34° C. (a) Membrane 
potential; (b) spike frequency; (c) conduction velocity. 


Action of 2:4-dinitrophenol (DN P) : 

The initial action of DNP (10-* to 5 x 10-*m) on the taenia coli was to depo- _ 
larize the membrane (by 2-15 mV according to whether the preparation was 
spontaneously active or quiescent, and by 4-8 mV when it was driven) and to 
increase the rate of spike discharge. This effect only lasted for about 3 min, 
after which the membrane repolarized, while the spikes appeared less fre- 
- quently and were more complex. After about 5 min exposure to DNP, silent 
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periods alternated with intermittent bursts of spike activity. It was usually 
difficult to produce a regular spike discharge in response to rhythmic electrical 
stimulation during this period. After washing out the DNP, the spikes were 
often large. Records of the membrane changes which took place during the 
first 7 min exposure to DNP of a spontaneously beating preparation are shown 
in Fig. 5. 

There was little change in the configuration either of the spontaneous or of 
the ‘driven’ spike potentials during the initial stimulating phase of the action 
of DNP, apart from a reduction in spike height and an increase in steepness 


Fig. 4. Action of adrenaline on a driven taenia coli preparation which had been depolarized by 

16 mV with a solution containing 3 n-KCi (15 mm). High KCI present throughout. Temp. 

34°C. (a) Slow film showing effect of adrenaline on membrane potential during the first 

1-25 min; (6) after 2 min. Fast film showing conduction velocity and spike configuration; 

(c) in KCl before application of adrenaline; (d) after 1 min in adrenaline; (e) after 2 min in 
adrenaline. 
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30 sec 
. 5, Action of DNP 10-* u on spontaneously beating taenia coli preparation (a) during 
1-5 min, (6) after 2 min, (c) after 4 min, (d) after 5 min, (e) after 6 min. Temp. 34 C. | 
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of the prepotential (compare Fig. 6a and d with b and e). However, after 5 min 
exposure the spike configuration became complex (Fig. 6c, f). 

In one series of experiments (Fig. 7) a comparison was made of the effect of 
three different concentrations of DNP on (a) membrane potential, (b) optimal 
driving frequency, i.e. the frequency at which the largest spikes of equal size 
were produced in response to every stimulus, and (c) conduction velocity, over 
a period of 20 min, Ata concentration of 5 x 10~> m, DNP had a predominantly 


7 sec 2 sec 
_ Fig. 6. Action of DNP 10-‘ on a spontaneously active taenia coli preparation (a-c) and a driven 
preparation (d-f). (a) and (d), Krebs’s solution; (b) and (e), after 1-5 min exposure to DNP; 
» (c) and (f), after 5 min. Temp. 34°C. Left time scale refers to a-c, right time scale to d-f. 


stimulant action on the muscle. The membrane remained depolarized for over 
10 min, and the frequency of spike discharge was greater than normal. At con- 
centrations of 10-4 m or more the action of DNP was clearly diphasic, and after 
5 min exposure to the drug the membrane had become hyperpolarized and > 
spike activity was either complex or non-existent. With DNP 10-* m-5 x 10° u 
it was possible to drive the preparation over a much greater range of fre- 
quencies than normal (48-108/min at 34° C), while with DNP 5 x 10-* m it was 
often difficult to drive the preparation at all after the first few minutes. The 
change in conduction velocity was very small; it became slightly slower during 
the initial depolarization. The onset of this slowing was progressively earlier 
the stronger the concentration of DNP applied (Fig. 7c). 


‘The effect of DNP on the action of adrenaline 
The action of adrenaline in the presence of DNP depended entirely upon its 
time of application. If adrenaline was applied to the preparation during the 
excitatory phase of action of DNP, or if the two drugs were added simul- 
taneously, the action of adrenaline was reversed (Fig. 8a). The membrane 
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‘Fig. 7. Comparison of action of different concentrations of DNP on a driven 


preparation : 
O, 5x10-* m; x, 10-* m and [, 5 x 10-* m; on (a) membrane potential, (6) optimal driving 
frequency, (c) conduction velocity. Taenia coli; temp. 34° C. 


1 min 
Fig. 8. Of THARP adrenaline ection. Teenin coli, teaxp. 34° C. (a) adrenaline 10~’ applied 
simultaneously with DNP 10~ m; (b) adrenaline 10~? applied after 14 min exposure of muscle 
DNP 10-* mw. 
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became depolarized instead of hyperpolarized and a brief burst of spike activity 

was induced. After 30 sec, however, spike activity was abolished despite the 

depolarized state of the membrane. Adrenaline reversal produced in this way 

lasted only for about 2 min, after which the membrane began to hyperpolarize. 
If adrenaline was applied to muscle which had been exposed to DNP for 

more than 5 min, i.e, during its inhibitory phase of action, the membrane was 


hyperpolarized in the usual way (Fig. 86). 


Effect of DNP on the action of acetylcholine 
It has been shown previously that ACh produces a sustained depolarization 
of the muscle membrane of the taenia coli and an increase in spike frequency 
(Biilbring, 1954, 1957; Burnstock, 1958). This action was altered in two ways 
by treatment of the muscle with DNP according to whether ACh was applied 
during the excitatory or during the inhibitory phase of action of DNP. 


1 min 
Fig. 9. Effect of DNP on acetylcholine action. Taenia coli, sonctauioniy stuns temp, 34° C. 
(a) ACh 10-* applied simultaneously with DNP 10-4 m; (6) ACh 10-* applied after 13 min 
exposure of muscle to DNP 10~ m. 


If ACh 10-* was applied together with DNP 10~ m the excitatory action of 


both drugs combined to produce a depolarization of 22 mV and a sustained 
increase in spike discharge for a period of over 2 min (Fig. 9a). 

If ACh 10-* was applied after 13 min exposure of the muscle to DNP 10~ m, 
a depolarization of 18 mV was produced, but spike activity was not maintained 
for more than 35 sec, after which period the membrane began to repolarize 
_ (Fig. 96). A comparison of the effects of ACh, ACh plus DNP, and ACh applied 
after 13 min exposure to DNP, on membrane potential (a) and spike frequency 
(b), recorded over a period of 10 min, is shown graphically in Fig. 10. 

A record of the changes in spike configuration during spontaneous activity 
resulting from exposure of the muscle to the simultaneous application of ACh 
10-* and DNP 10~ m is shown in Fig. 11. After 1 min.the spikes were smaller 
and showed steeper prepotentials (6), a feature typical of both DNP- and ACh- 
treated muscle. After 4-5 min in both drugs slow waves were prominent, with 
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<— Depolarization 


Membrane resting potential (mV) 


: 


Spike frequency (pulses/min) 
8 


~ 


4 
Time (min) 


Fig. 10. Comparison of action of acetylcholine 10 [, alone; x , applied together with DNP 10-* u; 
and ©, after 13 min treatment with DNP 10-‘ m over a period of 10 min; on (a) membrane 
potential, (6) spike frequency. Taenia coli. Spontaneously active. Temp. 34° C. | 


a b 


Seconds 
Fig. 11. Effect of combined action of ACh 10-* and DNP 10~ ™ on spike configuration. Taenia 
coli; temp. 34°C. (a) Krebs’s solution, (6) 1 min after exposure to drugs, (¢) after 4 min 
 d) after{5 min, (e) after 6 min, (f) after 7 min, (g) after 8 min. 
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only very small spikes being generated from their crests of depolarization (c, d). 
During the period which followed, slow waves of gradually decreasing ampli- 
tude appeared as the membrane repolarized (e, f), until after 8 min exposure 
all activity ceased (9). 
DISCUSSION 

The main effect of adrenaline is to reduce the excitability of smooth muscle, 
as was shown by Bozler (1940). Both spontaneous and conducted spike 
activity is abolished and the membrane potential is increased. It has been 
shown previously that excitability of smooth muscle depends on the level of 
the resting potential (Biilbring, 1955; Burnstock, 1958). However, this factor 
alone cannot account for the decrease in excitability caused by adrenaline, 
since spike activity is abolished before the membrane becomes hyperpolarized, 


_ whereas on recovery large spikes appear before the membrane potential returns 


to its initial value. Furthermore, spike activity is abolished by adrenaline even 
in muscles which have been depolarized by high K, or by DNP. This result 
suggests that adrenaline may inhibit the ‘carrier’ for Na and/or some other 
ion, which is responsible for initiation of the action potential. 

Born & Biilbring (1956), using radioactive tracers, have shown that adrena- 
line increases the rate of inward movement of K, but not the rate of loss from 
smooth muscle fibres. They held the view that adrenaline increases the rate of 
an active process which pumps K back into the muscle, The hyperpolarization 
which follows within a few seconds after the inhibition of spike activity by 
adrenaline seems unlikely to arise from a change in the ratio of K concentra- 
tions inside and outside the fibres, since this would necessitate too large a net 
uptake of K to be compatible with Eorn & Biilbring’s results. If adrenaline 
stimulates an active transport mechanism, it is, therefore, more probable that 
the sodium pump involves an electrogenic extrusion of Na, which would raise 


the membrane potential and hence accelerate the K influx, than anelectrically _ 
neutral process closely coupled with K uptake of the type suggested by — 


Hodgkin & Keynes (1955). 

After about 1 min exposure to adrenaline 10-*, the membrane begins to 
repolarize and spikes reappear. There is also a transitory increase in conduction 
velocity after the first minute of exposure to adrenaline in Krebs’s solution 
containing high K. Both these results suggest that the shift in the balance of 
ionic fluxes through the membrane caused by adrenaline is a transitory effect. 

The possibility that ACh increases the permeability of the smooth muscle 
membrane to Na, K and probably other ions has been discussed previously 
(Burnstock, 1958), and also the possible role of ACh as a local hormone con- 
trolling excitability. It may be that adrenaline acts also by antagonizing the 
production of local hormone. Recently, Schaumann (1958) demonstrated that 
adrenaline reduces the output of ACh from the wall of the small intestine of 
the 
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The diphasic action of DNP on oxygen consumption (Born & Biilbring, 
1955) and spike discharge (Biilbring & Liillmann, 1957) is associated with an 
initial fall and then later an increase in membrane potential. It is known that 
DNP interferes with the formation of ATP. (Loomis & Lipmann, 1948). 
_ Throughout the initial stimulatory phase of its action, DNP presumably leads 
to a faster rate of ATP turnover without net loss of ATP, while during the 
inhibitory action which follows, the concentration of ATP declines (Born & 
Biilbring, 1955). This suggests that only during the second phase of its action 
does DNP interfere with the ‘active processes’ in the membrane. This view is 
supported by the observation that adrenaline and ACh produce different 
responses according to whether they are applied during the stimulatory or 
inhibitory phase of action of DNP. If ACh is applied during the stimu- 
lating initial stage of the action of DNP, the depolarizing action is enhanced 
and spike activity maintained for several minutes. The usual inhibitory 
action of adrenaline is dominated by DNP stimulation, and the potential 
change usually produced by adrenaline is temporarily reversed, although 

within a minute spike activity is abolished and the membrane begins to hyper- 
polarize. Interference with the active ion transport mechanism would impair 
the ability to maintain spike activity. This is in fact what is observed. When 
ACh is applied during the second, inhibitory, phase of DNP action, the mem- 
brane depolarizes in the usual way, but spike activity is not maintained for 
more than 35sec. If adrenaline is applied to muscle already depressed by 
DNP, some hyperpolarization of the membrane still occurs but it is less than 
normal, This can be explained by the observation that with the concentration 
of DNP used (10-* M), only a partial inhibition of the pumping mechanism is 
likely to be produced, since at this concentration Born & Biilbring (1955) — 
showed that even after 40 min exposure to DNP, the ATP content of the 
muscle is only reduced by 50%. 


SUMMARY | 

1. The sucrose-gap method has been used to record changes of membrane 
potential, of spike frequency and configuration, and of conduction velocity, 
in the smooth muscle of the taenia coli, of the guinea-pig. | 

2. Adrenaline decreased the excitability of the muscle, abolished spike 
activity and raised the membrane potential, A comparison of the action of 
different concentrations of adrenaline is described. 
8, Adrenaline applied to muscle previously depolarized with solutions con- 
taining high potassium still temporarily abolished spike activity and hyper- 
polarized the membrane. When spikes reappeared they were characterized by 
a fast rate of decay and fast conduction velocity. ; } 

4. DNP had a diphasic action, causing an initial depolarization and increase 
in spike frequency followed by hyperpolarization and loss of spike activity. — 
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A comparison of the action of different concentrations of DNP on resting 
potential, spike frequency and conduction velocity is described. 

5. The effects of applying adrenaline and acetylcholine during both the 
excitatory and inhibitory phases of action of DNP are described. 

6. It is suggested that the increase in membrane potential produced by 
adrenaline may be due to a transitory shift in the balance of ionic fluxes 
through the membrane caused by the stimulation of an electrogenic sodium 
pump. The inhibition of spike activity may be explained also by this action 
and/or by a transitory inhibition of the ‘carrier mechanism’ for Na or some 
other ion. A third alternative may be that adrenaline acts indirectly by 
antagonizing the release of acetylcholine. 


I wish to thank the Medical Research Council for a grant; Dr Edith Biilbring for her con- 
tinuous help and encouragement during the course of this work; Mr Derek Groves and Mr O. B. 
Saxby for their excellent technical assistance, and Professor d. H. Burn for the _— 
of his laboratory. 
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SPINAL REFLEX REGULATION OF FUSIMOTOR NEURONES 
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_ New York, and the Department of Physiology, University of Utah 
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(Received 26 March 1958) 


In mammals, muscle fibres within the muscle spindles receive a separate 
motor innervation from ventral root fibres of small diameter (Leksell, 1945; — 
Kuffler, Hunt & Quilliam, 1951). Discharge in these efferent fibres causes 
excitation of spindle receptors, an effect synergic with that produced by 
muscle stretch. The muscle spindle is thus subject to reflex control by 
variations in number and frequency of impulses in its motor nerve fibres. _ 
The motor fibres to the spindle have been designated y efferents by Leksell — 
(1945) and small motor fibres by Kuffler et al. (1951). Both designations have 
possible ambiguity since motor fibres of this diameter to other than the hind 
limb muscles of the cat may have other functions. We therefore propose the 
term fusimotor with reference to neurones that are motor to the muscle 
spindle. This has functional connotation and bears similarity to such well 
established names as vasomotor and sudomotor. The designation motor 
neurone (or motoneurone) will be used for neurones with large diameter 
axons that are motor to extrafusal muscle fibres. ak 

Following the demonstration of the function of fusimotor neurones, studies 
were made of the reflex activity of such neurones (Hunt, 1951; Kobayashi, 
Oshima & Tasaki, 1952). Several characteristic features were found. Many 
fusimotor neurones, in the decapitate or decerebrate cat, showed a background 
repetitive discharge in the absence of added stimulation. In a number of reflex 
patterns, such as the flexor and crossed extensor reflexes and tonic neck 
reflexes, excitation or inhibition of fusimotor neuronés accompanied similar 
effects on motoneurones. In many reflex acts the threshold for excitation of 
some fusimotor neurones was lower than that required to cause excitation of 
motoneurones. Subsequently, the reflex activity of fusimotor neurones was 
investigated by Granit & Kaada (1952), Eldred, Granit & Merton (1953), and 
Granit, Job & Kaada (1952), who found that stimulation of various supra- 


spinal structures excited or inhibited fusimotor activity. As had been found 
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in spinal fusimotor reflexes on stimulation of peripheral nerve, the last. workers 


also noted that the threshold for eliciting changes in fusimotor activity was 


often lower than that required to cause changes in motoneurone discharge. 
In addition, Eldred & Hagbarth (1954) provided important information on the 
effect of cutaneous stimulation on fusimotor activity. Most of these studies 
used the changes in frequency of discharge in spindle afferent fibres as an 
index of fusimotor discharge. 

Little information is available on the spinal segmental organization and 
properties of fusimotor neurones that determine their reflex behaviour to 
influences from primary afferent fibres or from supraspinal activity. The 
present study is concerned with this problem. Information will be presented to 
show that the reflex activation of fusimotor neurones differs in several respects 
from that of motoneurones, owing to differences in intraspinal connexions and 
in the properties of the neurones themselves. 


METHODS 


Spinal cats were used throughout. Under full ether anaesthesia both common carotid arteries were 
ligated, the trachea cannulated and the vertebral arteries permanently clamped. Anaemic 
destruction of the brain was shown to be complete by total cessation of respiratory movements, 
by dilatation of the pupils and obvious arrest of circulation to the skin and mucosa of the head. 
Following application of the vertebral clamp the spinal cord was divided at the atlanto-occipital 
membrane and respiration was artificially maintained. Ether was then discontinued. The lumbo- 
sacral cord was exposed by laminectomy and appropriate limb nerves were dissected. Stimulating 
electrodes were usually placed on the central ends of cut peripheral nerves, although in some cases 
they were placed on intact nerves so that the effects of natural stimulation as well as of nerve 
volleys could be studied. Exposed tissues were covered with pools of paraffin oil, usually equili- 
brated with 95% O, and 5% C0,. 

Two methods were used to record activity in efferent nerve fibres. The first was to place naturally 
occurring small filaments of ventral root (L7 or $1), distally cut, on recording electrodes. One 
electrode was placed on the cut end, the other several centimetres centrally, if possible, so as to 
avoid recording in the length of nerve occupied by demarcation current. In these circumstances 
relative amplitude of individual spike potentials served to differentiate large and small tibres 
(Hunt, 1951). The second method was to record from filaments of a muscle nerve dissected free 
after removal of the sheath. One ventral root was left intact (S1 or L7) and gently freed from 
surrounding structures so that a length could be looped over a pair of stimulating electrodes in 


the paraffin oil. Fibres emerging via this root to a filament under study could be identified as to 


conduction velocity by observing the stimulus-response latency of impulses evoked by a ventral 
root stimulus. The remainder of the ventral root outflow was divided. This restricted stimulation 
of the ventral root outflow reduced the amount of dissection required to isolate a single-fibre 
response in a muscle nerve filament. In many instances it was possible to establish the identity 
of an individual fusimotor fibre, in the presence of several other motor fibres in a filament. This 
was done by observing that an impulse failed to be evoked by ventral root stimulation when the 
fibre was refractory following a reflexly initiated impulse. The following muscle nerves have been 
examined: flexor digitorum longus, extensor digitorum longus, tibialis anterior, gastrocnemius 
medialis, biceps semitendinosus and quadriceps. 
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RESULTS 
‘ General features of fusimotor reflex response to nerve volleys | 
One of the striking differences between the reflex-response of motoneurones 


and of fusimotor neurones to single afferent volleys is the more frequent 
occurrence of repetitive discharge in the latter. The response of a fusimotor 


Fig. 1, Discharge in a fusimotor neurone recorded in a ventral root filament. a, base line; 5, c, d, 


stimulation of flexor hamstring nerve at increasing strength. Note monosynaptic reflex. 


response of motoneurone that precedes response of fusimotor neurone. Time marker 2000 c/s; 
large spike retouched. 


neurone to single volleys in skin or muscle nerves was often repetitive, con- 
sisting of up to 8-4 impulses. A characteristic response is shown in Fig. 1, the 
discharge being recorded in a ventral root filament, the volley originating in 
the nerve to biceps posterior and semitendinosus. The large amplitude impulse 
‘s the monosynaptic reflex response of a biceps-semitendinosus motoneurone. 


The number of responses was dependent on the stimulus strength to the 
13-2 
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afferent nerve; reduction in the number of afferent fibres stimulated caused the 
response to be reduced to one. The duration and frequency of discharge varied 
among different fusimotor neurones and with the particular afferent nerve 
stimulated (see below). One type of response to afferent volleys in skin or 
muscle nerves that was frequently encountered consisted of 3—4 impulses with 
a peak frequency of 300-500/sec. These reflex responses are clearly of higher 
frequency than those of motor neurones. In this feature the fusimotor re- 
sponse bears greater similarity to the discharge of internuncial neurones 
(Woodbury & Patton, 1952). A different type of fusimotor reflex response was 
a more protracted, lower frequency train of impulses produced by — 
afferent volleys. 

In the presence of background discharge the response to nerve volleys was 
altered in that a ‘spontaneous’ impulse occurring at certain intervals before 
the first reflex discharge could delay the entire series of responses. The evoked 
responses were ‘re-set’ in time by the spontaneous impulse, the intervals 
between evoked discharges remaining essentially the same. The occurrence of 
a spontaneous discharge within several milliseconds of the expected time of 


the first evoked discharge caused the latter to drop out, whereupon the initial 


discharge appeared earlier than the usual second discharge and the — 
train was reduced by one impulse. 

The spontaneous discharge as well as other factors cause the latency of 
fusimotor response to show considerable variation. Typically the first impulse 


_ ina response series showed less variation in latency than subsequent impulses, 


the last of a train of evoked impulses usually being the most labile. Thalamic 
neurones exhibit similar variation in latency (Rose & Mountcastle, 1954). The 


latency variation is considerably greater than that found in monosynaptic 


reflex response of motoneurones. The central latency of fusimotor response to 


muscle nerve volleys is greater than the latency of monosynaptic reflex 


response of motoneurones. On the other hand, the earliest of a series of evoked 
fusimotor reflex responses usually preceded the polysynaptic reflex response of 
motoneurones to skin or muscle nerve volleys. Typical latencies for the earliest 
fusimotor response recorded in ventral root filaments to afferent nerve volleys 
were as follows (msec); sural 4-6, triceps. surae 4-5-5-0, deep peroneal 5-6 
(afferent conduction distances about 15cm), and biceps semitendinosus 
4-4-5 (afferent conduction of about 12 em). 
- Tn fusimotor neurones showing spontanéous discharge a reflex response was 
followed by a period of silence or of diminished frequency of the background S 
discharge. This pause often lasted for 20 msec or longer and its explanation 1s 
not obvious, for the period of silence of spontaneous discharge outlasts the 
recovery period of most fusimotor neurones and such neurones are capable oi 
response to.a repetition of the excitatory afferent volley during this period 
Central delay. Estimates of central delay were made in six fusimoto: 
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neurones by measuring the latency of response to dorsal root volleys. In three 
of these reflex discharges were recorded in ventral root filaments; the values 
obtained for central delay were respectively, 2-95, 2:7 and 2:6 msec. Since the 
conduction ‘velocities of these fibres were not measurable, no correction has 
been made for efferent conduction time. However, this may be estimated to be 
about 0-3-0-5 msec in the case of a modal fusimotor fibre with a diameter of 
6. (see Kuffler et al. 1951) and an efferent conduction distance of 1-1-5 cm. 
In the other three experiments reflex discharges in fusimotor fibres were 
recorded in filaments of medial gastrocnemius nerve, and since the conduction 
velocities of these fibres were determined, the efferent conduction times were 
deducted from the stimulus-impulse latencies to yield the following values for 
central delay: 2-46, 2-03 and 2-04 msec. In both groups of experiments the 
afferent conduction distance in the dorsal root was 1 cm or less, so that a 
negligible fraction of the measured delay is due to the time taken for the 
afferent volleys to reach the cord. A 
The above experiments indicate that the central delays for the earliest 
reflex response of fusimotor neurones are in excess of 2 msec. By comparison, 
the latency of the dorsal-to-ventral root monosynaptic reflex response of 
motoneurones is about 1-0-1-5 msec (Eccles & Pritchard, 1937; Renshaw, 1940; 
Lloyd, 1943). There is, therefore, no evidence that fusimotor neurones receive 
monosynaptic excitatory connexions from primary afferent fibres. 


Recovery following conduction of an antidromic vmpulse . 
Reflex response of a fusimotor neurone was recorded in a cut filament of 
ventral root of sufficient length for a pair of stimulating electrodes to be applied 
central to the recording electrodes on the same filament. Reflex response to a 
nerve volley of constant amplitude could be tested at various intervals after 
a stimulus to the ventral root filament. The latter initiated antidromic impulses 
in the fusimotor neurone as well as in the few other fibres which were contained 
in the filament. An alternative method was to record the reflex response of an 
individual fusimotor neurone isolated in a muscle nerve and to stimulate an 
entire intact ventral root. This procedure had the disadvantage of causing 
initiation of antidromic impulses in a large number of other ventral root fibres. 
However, antidromic impulses in other motor fibres were found to have little 

effect on the fusimotor neurone under study (see below). ; , 
The recovery of excitability was examined by obtaining an estimate of the 

firing probability of a fusimotor neurone to stimulation of an afferent nerve 

at constant strength and ata constant rate of 1/2 sec. In this connexion, the 


number of responses 
term firing index has been used to designate the yey 100 


‘Lloyd & McIntyre, 1955). Usually 25 or 50 trials were used. This method of 
testing can reveal excitability changes only when the firing index is between 
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- gero and 100. However, the very rapid recovery of a fusimotor neurone 


following conduction of an antidromic impulse can be easily demonstrated, as 
in the unit with a control firing index of 100 in Fig. 2. This recovery curve may 
be compared with the recovery of a population of motoneurones following 
conduction of antidromic impulses (Lloyd, 1951) and with the recovery of an 
individual motoneurone with a firing index of 100 shown in Fig. 2. 

A total of six fusimotor neurones have been studied for recovery following 
conduction of an antidromic impulse; their recovery curves are shown in Fig. 3. 
Five of these had control firing indices of 100; four recovered to their control 
firing index within 10 msec after the antidromic impulse reached the cord. In 
one unit (CJ) the recovery curve is incomplete but it is evident that its recovery 
was slower. Another fusimotor neurone with a control firing index of 79 (e) 
had a recovery nearly complete by 30 msec. Since the responses in some fusi- 
motor neurones were recorded in muscle nerves with significant time taken for 
efferent conduction and since the latency of response to afferent volleys was 
appreciable in comparison with the recovery time of the fusimotor neurones, 
the intervals in Figs. 2 and 3 are calculated as the time between arrival of the 
antidromic impulse in the fusimotor neurone at the cord and the time when 
the neurone normally discharged to the test volley. 

The recovery of fusimotor neurones appears to be posiicentsbly more rapid 
than that of motoneurones. In populations of motoneurones recovery of 


excitability is not complete until about 120 msec after conduction of anti- 


dromic impulses (Lloyd, 1951). The absence of such prolonged subnormality in 
fusimotor neurones is probably related to their ability to discharge at con- 


_ siderably higher frequencies than motoneurones and to their greater tendency 


to repetitive response to single afferent volleys. 

In several experiments in which fusimotor response was recorded from ventral 
root filaments, antidromic volleys in the remainder of the root had no detectable 
effect on the excitability of the fusimotor neurones. Thus the recurrent col- 


laterals of motoneurones or the current flows coincident to the antidromic 


volleys appear to have little influence on fusimotor neurones, confirming the 
findings of Granit, Pascoe & Steg er 


Background activity 


The occurrence of repetitive discharge in the haces of added sasealation 
is characteristic of some fusimotor neurones. Indeed, this feature has been 
used to detect fusimotor neurones in filaments of ventral root (Hunt, 1951). 
In the present study, in addition to active fibres, it was possible to isolate 
fusimotor fibres in which there was no background discharge by recordin 
impulses initiated by stimulation of intact ventral root in muscle nerve fila- 
ments (see Methods). By serial examination of a succession of fusimotor fibre: 


_ it would be possible to obtain a representative sample and to determine th: 
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proportion of such fibres that exhibit background or ‘spontaneous’ discharge. 
This was not done systematically, as interest centred on fibres that were 
readily influenced by reflex actions and these were usually fibres showing a 
background discharge. However, the majority of fusimotor neurones isolated 
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Fig. 2. Recovery following conduction of an antidromic impulse in a fusimotor neurone (©) and 
- in a motoneurone(@). Abscissa, interval between arrival of antidromic impulse at cord and 
_ time of normal reflex response. ! | 
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Fig. 3. Recovery following conduction of antidromic impulse 
| | Abscissa as in Fig. 2. 


in six fusimotor neurones. : 
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did not display background discharge. Thus, 47 out of 118 units isolated, or 
40%, showed background discharge. A reasonable estimate of the fraction of 
fusimotor neurones having background discharge in the acute spinal cat would 
be about }-4, with a more representative sample. 

Interval between impulses is typically irregular in background discharge of 
fusimotor fibres. The frequency of spontaneous discharge ranged from a few 
to 60 impulses/sec, the usual range being 10-40/sec. The typical pattern of 
spontaneous discharge is seen in Figs. 4 and 5. 

The term ‘background discharge’ should not be taken to mean that fusi- 
motor neurones fire repetitively in the absence of an inflow of excitatory 
afferent impulses (see Hunt, 1951). As will be seen later, afferent discharge 
from cutaneous sources plays a major role in the initiation of fusimotor dis- 
charge. The conditions of the experiment must contribute to the background 
afferent inflow and hence to the production. of background discharge in fusi- 
motor fibres. Among the factors of importance in this regard are the presence 
of skin flaps about the dissected areas, pins used for fixation and contact of 
skin with various structures. 

Background discharge in fusimotor neurones is abolished by interruption of 
afferent inflow to the spinal cord (Hunt, 1951). Furthermore, the present study 
indicates that reflex excitation of fusimotor neurones by impulses in primary 
afferent fibres occurs through polysynaptic pathways. It might be expected, 
therefore, that an agent which blocked polysynaptic reflex effects would 
reduce or abolish background discharge of fusimotor neurones. The drug 
myanesin has been used to test this premise. Fig. 4 shows the discharge of a 
fusimotor neurone in the absence of added stimulation and in response to sural — 
nerve volleys before and after two injections of myanesin 20 mg/kg intra- 
venously. Myanesin reduced the background discharge as well as the response 
to sural volleys, the duration of this effect being about 20 min. These findings 
alone do not indicate the mechanism of initiation of background discharge in 
fusimotor neurones, but are consistent with the fact that the background dis- 
charge results from excitatory effects mediated polysynaptically. 


Responses of fusimotor neurones supplying particular muscles 
The general features of the reflex response of fusimotor neurones have been 
considered above. That which follows is concerned with the reflex activation of 
fusimotor discharge to specific muscles. Isolation of fusimotor fibres has been 
accomplished in the nerves to a number of hind-limb muscles, representing 
flexors and extensors of the knee, ankle and toes. Responses to nerve volleys 
from various afferent sources and to natural stimuli have been sought in an 


attempt to explore further the functional organization of fusimotor neurones 
and their role in spinal reflex actions. 


4 
a 
‘ty 
uo 
a 
4 


FUSIMOTOR NEURONES 908 


A total of 143 fusimotor neurones have been studied in the following muscle 
nerves: gastrocnemius medialis (31), tibialis anterior (21), extensor digitorum 


longus (13), flexor digitorum longus (28), semitendinosus (35) and quadriceps (5). 
Conduction velocities were determined in 119 of these. 


Fig. 4. The effect of myanesin on the discharge of a fusimotor neurone to medial epee nannee 
a, shows base-line discharge and reflex response to sural volleys, position of stimuli ey 
by dots; at time zero 20 mg/kg of myanesin injected intravenously. Record b begins: ban 
c 58-3 sec, and d 2 min later. After 2 min 36 sec, another 20 mg/kg of myanesin was injected. 
Record ¢ at 3 min 16 sec, f at 3 min 45 sec, g at 6 min 45 sec, and h at avandia Tame 
marker 1 and 0-1 sec, There is a transient increase in base-line discharge shortly after in- 
jection (b), followed by a decrease in background discharge as well as a decrease in response 
_ to sural volleys (ch). 
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Responses to nerve volleys 

Fusimotor neurones to the muscles specified were examined for their reflex 
responses to volleys in several peripheral nerves, usually sural, plantar, deep 
peroneal, superficial peroneal, flexor hamstring, and triceps surae. Stimuli 
were of a strength estimated to exceed threshold for all myelinated fibres. The 
principal effects are shown in Table 1. Those cases in which nerve volleys 
resulted in discharge of fusimotor neurones are shown as +; inhibition of 
spontaneous discharge is indicated by —; lack of a demonstrable effect is 
indicated by ©. The effects are often mixed; for example, sural volleys caused 
reflex discharge in some fusimotor neurones of flexor longus digitorum; in 
others inhibition was evident. Even in a particular fusimotor neurone both 
excitation and inhibition could be seen. Thus gastrocnemius medialis fusimotor 


TaBLE 1. Responses of fusimotor neurones to nerve volleys 
Muscle 


Medial Tibialis Ext, dig. Flex. dig, Semi- 

Nerve volley gastrocnemius ant. longus longus _ tendinosus 
Sural -+ -+ + 
Plantar - + ~+ -+ 
Triceps surae + + O + 
Sup. peroneal + 

i + 


+ excitation; — inhibition ; © no effect. 


neurones showing background discharge often showed one ji evoked 
' by a plantar nerve volley following which the spontaneous discharge was 
inhibited for a period. From the response of fusimotor neurones to volleys in 
various peripheral nerves (Table 1) no meaningful pattern is evident. This is 
probably due to the mixed reflex effects associated with activation of func- 
tionally dissimilar afferent fibres. Further work is needed to relate the reflex 
effects to the diameter group of afferent fibres stimulated. | 
A number of the fusimotor neurones studied did not discharge in response 

to any of the nerve volleys tested; such units generally exhibited no back- 
ground discharge and no response to natural stimulation. The responses of 
fusimotor neurones varied over a considerable range, indicating ne 
differences in reflex. excitability. , 
In general, cutaneous nerve volleys are more effective in ee fusi- 
motor neurones than are muscle nerve volleys. The reflex effects produced by 
afferent muscle nerve volleys of graded size were studied to a limited extent, 
the incoming volley size being measured by a volume lead at the root-cord 
junction. Afferent muscle nerve volleys producing less than 50% of maximal 
group I spike potential amplitude at the root-cord junction failed to produce 
reflex discharge of fusimotor neurones. However, volleys slightly larger than 
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this, particularly from flexor-hamstring nerves, evoked fusimotor reflex 
response. In view of the possibility of overlap in diameter distribution of 
functionally homogeneous afferent fibre groups, these results fail to provide 
clear evidence of excitatory effects on fusimotor neurones by impulses in large 
afferent fibres from muscle spindles or tendon organs, although such effects are 
not ruled out. 


Responses to natural stumuli 


The responses have been studied of fusimotor neurones from various muscles 
to natural stimulation of various parts of the hind limbs. Certain areas were 
routinely tested, in particular the foot pads, and the skin area innervated by 
the sural nerve of the ipsilateral and contralateral hind limbs. Touch or light 
or heavy pressure was employed in an attempt to elicit reflex effects in a fusi- 
motor neurone under study. No particular attempt was made to determine 
the modality of sensation concerned with the production of a reflex effect nor 
was the area of skin involved carefully mapped. Rather, characteristic effects 
were sought which were produced on fusimotor neurones to specific muscles 
representing flexors and extensors of knee, ankle and toes by stimulation of a 
number of peripheral sites. The following muscles have been studied: 

Quadriceps. Owing to the anatomical position of this muscle nerve, identi- 
fication of fusimotor neurones was based on relative spike potential amplitude 


_ when recording from filaments of quadriceps nerve, and laminectomy was not 


performed. Fusimotor neurones to this muscle that exhibited spontaneous 


discharge were inhibited by touching or squeezing the foot pad on the area of 


sural innervation of the ipsilateral limb. Stimulation of similar areas of the 
contralateral hind limb produced an increase in discharge or initiated dis- 
charge in quiescent neurones. These reflex actions can be interpreted as con- 
comitants of the flexor and crossed extensor reflex patterns (Hunt, 1951). It 
was also noted that stimulation of the skin overlying quadriceps increased 
discharge in fusimotor neurones to this muscle, whereas stimulation of the skin 


_ over the flexor hamstring muscles inhibited background discharge. The latter 


findings are similar to those reported by Eldred & Hagbarth (1954). 
Semitendinosus. A total of twenty-five fusimotor fibres were isolated, 
ranging in conduction velocities from 16 to 38-5 m/sec. Of these five showed 
background discharge. Touching or squeezing the ipsilateral paw increased the 
discharge frequency in three of the fibres with background discharge and 
decreased it in-one; in one previously quiescent unit discharge was initiated. 
Similar stimulation of the ipsilateral sural area caused inhibition in two units, 
excitation in one. Stimuli to the contralateral paw as well as to the contra- 
lateral sural area caused inhibition. These effects, as in the case of quadriceps, 
are in the direction that would accompany flexor and crossed extensor reflex 
patterns, with the exception of inhibition produced by ipsilateral sural area 
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stimulation. In one unit it was observed that touching the skin over quadriceps 
- inhibited the background discharge, touching the skin over the flexor ham- 
string muscles increased discharge (cf. Eldred & Hagbarth, 1954). 

Gastrocnemius medialis. A total of thirty-one fusimotor neurones were 
examined, fourteen showing background discharge. Conduction velocities 
ranged from 21 to 48 m/sec. In most of the fibres tested touching or squeezing 
the ipsilateral paw inhibited background discharge. Stimulation of the sural 
area uniformly initiated or increased discharge 1 in those units affected. Stimu- 
lation of the contralateral paw caused an increase in discharge in five out of 
seven units tested; one unit showed inhibition and one was not influenced: The 
principal effects of ipsilateral and contralateral paw stimulation are those that 
might be expected as components of flexor and crossed extensor reflexes. 


Fig. 5. Response of a fusimotor neurone to gastrocnemius medialis, a, base-line discharge and 
response to squeezing tendo Achillis; 6, base-line discharge and response to stretch of tendo 
Achillis. Time marker, 1 and 0:1 sec; period of stimulation indicated by signals. 


The facilitation produced by ipsilateral sural area stimulation is similar to the 
effect noted by Eldred & Hagbarth (1954), although inadvertent excitation of 
receptors in the tendo Achillis may have played a contributory role to the 
effects noted (see below). The predominantly excitatory effect of activation of 
cutaneous receptors in the sural region is in keeping with the excitatory effect 
of sural nerve — on gastrocnemius medialis fusimotor neurones a 
above). 

In several experiments on gastrocnemius medialis dealiattct neurones 
tension was applied to the tendo Achillis in an attempt to determine the reflex 
effect of activity from receptors in the muscle. It was found that merely 
grasping the tendo Achillis between the fingers caused a striking increase in 
reflex discharge of gastrocnemius medialis fusimotor neurones: Similar 
excitation sometimes occurred on pulling the tendon (Fig. 5). In some cases, 
however, pinching or squeezing the tendon caused marked excitation, whereas 
the application of moderately high degrees of tension to the tendon -was 
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ineffective. The reflex fusimotor excitation was maintained as long as pressure 
was applied to the tendon, indicating that the receptors concerned were slowly 
adapting. Complete section of the triceps surae nerve did not alter this reflex 
effect, whereas subsequent section of the tibial nerve abolished it. The afferent 
fibres responsible for the reflex excitation, therefore, do not run in the nerve 
to. the muscle but course by some other route to reach the tibial nerve. The 
nature of the receptors responsible for this fusimotor excitation is not known, 
They may be located in the tendo Achillis or in the surrounding fascia. The 
fact that the reflex effect persists when the skin is widely separated from the 
tendon and also after section of the sural nerve innervating this area shows 
that these receptors are not of cutaneous origin. | 

_ Tibialis anterior. Background discharge was present in nine of the twenty- 
one fusimotor neurones isolated to this muscle. Conduction velocities were 
between 16 and 43 m/sec. In seven out of nineteen units tested, touching or 
squeezing the ipsilateral paw increased the discharge; in twelve units there was 
no effect. Natural stimulation of the sural area of skin to the same hind limb 
was without detectable effect in all units examined, although sural volleys 
caused discharge in a number of units. In the contralateral limb, stimulation of 
the sural area caused increase in discharge in two out of ten neurones tested, and 
touching or squeezing the paw inhibited four and excited two out of nineteen 
units examined. The occasional excitatory effect of the contralateral sural and 
paw areas may represent a crossed flexor reflex pattern (Perl, 1957). 

Flexor longus digitorum. Twenty-eight fusimotor neurones were isolated to 
this muscle, of ‘which eleven showed background discharge. Conduction 
velocities ranged from 26 to 49 m/sec. Of twenty-two units examined eight 
were inhibited by touching or squeezing the ipsilateral foot, one was facilitated. 
Stimulation of the skin in the ipsilateral sural area caused inhibition in four 
units, excitation in four. Stimulation of the contralateral foot pad and sural 
area uniformly caused inhibition in those neurones showing a demonstrable 
effect. The predominant effect of natural stimuli to the ipsilateral foot pad was 
one of inhibition; frequently the base-line discharge was completely arrested 
merely by light touch to the pad. 

_ Extensor longus digitorum. A total of thirteen fusimotor neurones were 
isolated with conduction velocities ranging between 21 and 45 m/sec. Of these 
ten showed background discharge. The principal action produced by touch or 
squeezing of the ipsilateral foot pad was one of inhibition (eight out of twelve 
units being inhibited and one excited). Stimulation of the ipsilateral sural area 
caused inhibition in three and excitation in one out of five units examined. 
Contralateral foot pad and sural area stimulation always produced excitation 
in those neurones showing a demonstrable effect. Since this muscle is classed 
as a physiological flexor, the principal reflex effects produced by natural 
stimuli to the ipsilateral and contralateral paw and sural areas are in a direction — 
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opposite to that expected in flexor and crossed extensor reflexes. It is sur- 
prising to find that tactile stimulation of the ipsilateral foot pad causes a 
striking inhibition of fusimotor neurones to extensor longus and excitation of 
those to tibialis anterior, since these muscles are synergists linked by mono- 
synaptic excitatory connexions (LaPorte & Lloyd, 1952). The fact that both 
flexor and extensor longi digitorum are inhibited by touching the ipsi-lateral 
foot pad may signify that both extensor and flexor of the digits are inhibited 
when the foot makes contact with the ground during walking. However, the 
behaviour of motoneurones to these muscles — comparable natural 
stimulation is not yet known. 


Responses to muscle stretch 


In a previous communication (Hunt, 1951) vena in certain fusimotor 
neurones was found to be inhibited by muscle stretch. Fusimotor discharge, 
recorded in ventral root filaments, was inhibited on stretch of gastrocnemius in 
spinal preparations. In this case the peripheral destination of the fusimotor 
neurones was not known. Inhibition of fusimotor discharge was also detected 
in decerebrate preparations, when recording efferent activity in a small muscle 
nerve branch, on stretch of the same muscie (cf. Eldred e al. 1953). At that 
time no particular distinction was made between the inhibitory effect in spinal 
or decrebrate preparations, although autogenetic effects were only recorded in 
the latter. 

In the present study we have reinvestigated the problem of autogenetic 
inhibition of gastrocnemius fusimotor discharge exclusively in spinal cats. 
Stretch was applied to the tendo Achillis while recording from individual 
fusimotor neurones to the gastrocnemius which exhibited background dis- 
charge. No significant changes in discharge frequency accompanied stretch 
in preparations in which nerves other than those to triceps surae had been 
divided. Repeated attempts failed to demonstrate the expected autogenetic 
inhibition. Furthermore, when recording from medial gastrocnemius fusimotor 
neurones, no reflex effects were observed following volleys in the heteronomous 
nerve, that to lateral gastrocnemius-soleus. We have, therefore, been unable to 
demonstrate a powerful reflex effect of afferent fibres from muscle stretch 
receptors on fusimotor neurones to the same muscle in the acute spinal cat. 
The previous results (Hunt, 1951) showing autogenetic inhibitory effects were 
performed in decerebrate cats. Inhibition of fusimotor discharge following 
muscle stretch was also observed in spinal cats, but in this case the effects may 
not have been autogenetic, since the destination of the fusimotor neurones was 
not known. Possibly supraspinal mechanisms present in the decerebrate pre- 
paration could account for the difference in the present and previous results. 
Under the conditions of the present experiments autogenetic inhibition has not 
been demonstrable. Further investigation will be needed to decide whether 
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there is a spinal mechanism for autogenetic inhibition of fusimotor neurones. 
We can only state that if such a mechanism is present, its potency is not 
sufficient for it to be manifest under the conditions of the present experiments. 
This should not be taken to imply that muscle stretch has no spinal reflex 
effect on the discharge of fusimotor neurones to other muscles. 


DISCUSSION 


Hunt (1951) noted a number of differences in the reflex behaviour of motor 
neurones and fusimotor neurones. Fusimotor neurones were found to dis- 
charge at higher frequencies and to have a lower threshold for reflex activation 
than motor neurones. Subsequent investigations by Granit and his colla- 
borators have shown further differences between these two types of motor 
cells. Eldred et al. (1953) found that fusimotor neurones could be excited or 
inhibited by stimulation of specific supraspinal sites and the threshold for 
effects on fusimotor neurones was less than that required to affect motor 
neurones. They also noted that section of dorsal roots had a much greater 
effect on motor neurone response than on fusimotor response to supraspinal 
stimulation. The latter effect may be explained by the fact that discharge in 
group Ia afferent fibres modulates excitation in motor neurones whereas 
fusimotor neurones lack such excitatory connexions (see below). 

The present study provides further evidence of basic differences in the pro- 
perties and functional organization of fusimotor neurones and motor neurones. 
Fusimotor neurones appear to have a much briefer subnormality after impulse 
conduction as revealed by the rapid recovery of such neurones following the 
conduction of an antidromic impulse. The reflex excitability of a fusimotor 
neurone may be largely restored within a few milliseconds after impulse con- 
duction, in contrast to the prolonged subnormality of motor neurones. These 
differences undoubtedly play a role in the capacity of these two types of motor 
cells to discharge repetitively. The motoneurones characteristically discharge 
in reflex acts at comparatively low frequencies, often in the range of 10-50/sec 
(Adrian & Bronk, 1929). In contrast, fusimotor neurones may discharge at 
frequencies in excess of 100/second and may at times reach peak frequencies 
of 150/second to natural stimuli. Further, the difference in rate of recovery 
may play a part in the response to single afferent volleys. Fusimotor neurones - 
show a much greater tendency to give repetitive discharge to a single afferent 
volley than do motoneurones. It is only in protracted reflex actions, caused 
by stimulation of slowly conducting afferent fibres, that motoneurones display 
repetitive discharge. On the other hand, fusimotor neurones often discharge 
repeatedly, following a single afferent volley confined to lower threshold 
afferent fibres. 2 

Another basic difference between fusimotor neurones and motoneurones is 
the apparent lack of monosynaptic excitatory connexions from primary 
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afferent fibres to the former. The monosynaptic pathway to motoneurones, of 
which the afferent arc is provided by afferent fibres from muscle spindles, plays 
an important part in determining the reflex excitability of motoneurones. 
Measurements of central delay give no support for the presence of such con- 
nexions to fusimotor neurones. Rather these seem to be innervated only by 
polysynaptic pathways within the spinal cord. In this connexion it has not 
been possible to demonstrate reflex effects on fusimotor neurones that clearly 
arise from activity in group Ia afferent fibres from muscle spindles. The 
myotatic, or stretch reflex, therefore, appears to be confined to motoneurones. 

In contrast to previous studies by Hunt (1951) and by Eldred & Hagbarth 
(1954) the present experiments reveal that there is a considerable gradation 
in reflex excitability among fusimotor neurones. The technique employed 
herein of recording fusimotor discharge in filaments of muscle nerve has per- 
mitted identification of those units which do not show a background or 
spontaneous discharge. In the acute spinal preparation less than 50% of the 
fusimotor neurones have background discharge. In general such neurones are 
more readily excited by reflex action than motoneurones to the same muscles. 
However, other fusimotor neurones are less readily excited than motoneurones 
and there appears to be a gradation in reflex excitability between these two 
extremes. Previous studies have laid great emphasis on the fact that the 
threshold for reflex excitation of fusimotor neurones, both from structures in 
the periphery as well as sites of stimulation in the supraspinal structures, is 
frequently lower. This has led Eldred e¢ al. (1953) to suggest that a major 
pathway for the initiation of discharge in motoneurones is indirect via the 


fusimotor neurones and group Ia muscle spindle afferent fibres, their so-called __ 


‘gamma servo system’. It now becomes apparent that such a scheme could 
only be applied to a fraction of the fusimotor neurone population. 

The reflex control of fusimotor discharge, at least from the periphery, is 
complex. Excitatory and inhibitory influences impinge from a number of 
structures upon one individual fusimotor neurone, The effects produced by 
cutaneous stimulation are the most striking and it appears likely thatinfluences 
from this source play a major role in the regulation of activity in fusimotor 
neurones. The reflex patterns that have been found will require further study 
for their fuller interpretation. In addition, knowledge of the behaviour of 
motoneurones in similar circumstances will be necessary. 

SUMMARY 
Reflex responses of individual fusimotor neurones have been co a in 
ventral root and in muscle nerve in acute spinal cats. The following charac- 


teristic features have been found: 
1. The reflex discharge to is often repetitive and at 


high frequency. 
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2. Recovery of reflex excitability following conduction of an antidromic 
impulse is rapid. 
3. Measurements of minimal central reflex delay fail to provide eriience of 

monosynaptic excitation by primary afferent fibres. 
4. Qnly a fraction of the population exhibits background or ‘spontaneous’ 


discharge. The background discharge and reflex response to nerve volleys are 
abolished by suitable doses of myanesin. 


5. Fusimotor neurones to specific muscles have been examined for their 
reflex responses to nerve volleys and to natural stimuli. The patterns of 
response are described and the implications as to functional organization are 
discussed. 

6. Previously reported autogenetic inhibition of fusimotor discharge by 
muscle stretch has not been confirmed in acute spinal preparations. 
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NERVOUS AND HUMORAL RESPONSES TO ACUTE 
BLOOD LOSS IN THE RAT 
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_ A cross-transfusion experiment in which blood from a donor animal is perfused 


at a constant rate through an innervated, but otherwise isolated, hind limb 
of a recipient animal makes it possible to distinguish changes in vascular tone 
due to nervous from those due to humoral factors. By subjecting such recipient 
and donor animals to a standard acute blood loss it should be possible to 


- compare the degree to which nervous and humoral factors are concerned in 


the vascular responses to this loss. _ 

_ Originally it was planned to make a study of limited scope, comparing the 
magnitudes of the responses in the hind limb which are mediated by neurogenic 
and humoral means and result from acute blood loss. The results obtained 
prompted a more extensive inquiry into the humoral factor. 


A constant output blood pump (Field, de Graaf & Wallis, 1958), specially 


designed and built for the purpose, made possible the perfusion of an isolated 
vascular bed with whole blood with minimal release of vasoconstrictor material. 
Using the constant output pump, small changes in vascular tone were measured 
by recording the changes in the perfusion pressure. 


As a preliminary to the present investigation, and in the examination of 


a number of drugs, about one hundred experiments were performed in which 
the hind limb of a recipient rat was perfused with blood from a donor. These 
preliminary experiments showed that the preparation is stable and its beha- 
viour predictable for over 5 hr and that the use of such a small laboratory 
animal as the rat is entirely practicable. : 


PART I. NEUROGENIC COMPENSATION IN ACUTE BLOOD LOSS 


METHODS 


The cross-transfusion technique. Fig. 1 shows how the experiment was arranged. Blood from 
the carotid artery of the donor rat passed through polyethylene tubing to the inflow of the constant 
output arterial pump (Field e¢ al. 1958), from the pump to the femoral artery of the recipient 
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animal and from the femoral vein to the reservoir of the venous return pump. A ‘two-bottle 
suction’, which maintained a negative pressure of 20-30 cm water in the reservoir, facilitated the 
flow of blood from the femoral vein. Blood was returned by the venous return pump to the donor 
animal as required to maintain its blood pressure. This return pump is made of methyl meth- 
acrylate plastic and consists of gravity valves (Dennis, Spreng, Nelson, Karlson, Nelson, Thomas, 
Eder & Varco, 1951) and a rubber blood-pumping chamber which is activated through a hydraulic 
system by a Dale-Schuster diaphragm pump. 


M3 _ Mt 


FA 

FV D 


Fig. 1. The technique for the constant rate perfusion with blood of an isolated innervated rat 
hind limb. A, B, C, D, connexions; AP, constant output arterial pump; Ca, carotid artery; 
FA, femoral artery; FN, femoral nerve; FV, femoral vein; J, jugular vein; M 1, 2, 3, mano- 
meters; S, sciatic nerve; 7’, trachea; VP, variable output venous return pump; VR, venous 
reservoir. 


_ The donor rat’s blood pressure, the recipient’s blood pressure, and the hind-limb perfusion 
pressure were recorded on low volume mercury manometers, 

The arterial pump and the venous return pump were submerged in shallow water baths main- 
tained at 40° C, The rats were warmed by 60 W electric light bulbs adjusted so that the proximal 
lin. of the tail remained warm to the touch. The constant output arterial pump was run at 
1 ml./min in all experiments. This rate provided adequate tissue oxygenation, judged by the ample 
oxygen reserve in the venous blood coming from the perfused leg. Perfusion presstres ranging 
from 60 to 160 mm Hg, depending on the amount of neurogenic vascular tone in the innervated 
hind limb, were obtained in other experiments, indicating that a perfusion rate of 1 ml./min closely 
approximated to the normal rate of flow in the innervated hind limb. At this rate of flow, even 
in the denervated limb where the perfusion pressure was sometimes as low as 30 mm Hg, no 
deterioration of the preparation was noted after over 5 hr perfusion. 

Setting up the experiment. After standing during the night filled with 1% sodium hydroxide, 
both pumps were rinsed for 20-30 min with 0-9 % saline and left filled with saline. Care was taken 
to remove all air bubbles, Glass cannulae and polyethylene tubing were cleaned with saline and 
a wire cleaning rod. The arterial cannulae and the short lengths of polyethylene tubing connected 
to them, the femoral artery cannula and the femoral vein cannula were filled with saline containing 
a small amount of heparin. The venous cannulae were filled with saline. 

Six-month-old male Wistar rats weighing 350-400 g were used in all experiments. The donor rat 
was lightly anaesthetized with ether. A tracheal cannula was inserted, the external jugular vein 
cannulated and chloralose (25-75 mg/kg) was given intravenously in 2 ml. hot saline. The carotid 
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_ The recipient rat was then lightly anaesthetized with ether, a tracheal cannula inserted, the 
_ external jugular vein cannulated, chloralose given and the carotid artery cannulated. The skin 
was incised around the upper part of the hind leg, and the femoral artery and vein, and the femoral 
and sciatic nerves were dissected free. The muscles of the upper leg were cut and any vessels which 
bled were ligated. The femur was left intact to support the limb. Rat’s blood (7-8 ml.) freshly 
drawn into a syringe containing heparin (1250 units) was placed in the venous reservoir. The donor 
animal's external jugular cannula was connected to the venous pump outflow at B (Fig. 1), the 
carotid artery cannula was connected to the arterial pump inflow at A, and the donor animal was 
given heparin (1250 u. intra-arterially). With C connected directly to D blood was circulated 
through the system. The venous return pump output was adjusted to return the blood to the donor 
as required to maintain its blood pressure at 110-120 mm Hg. Next, the recipient’s femoral artery 
and vein, previously dissected free, were ligated and cannulated. The pumps were stopped, the 
femoral artery cannula was connected to the pump at C, the femoral vein cannula was connected 
to the venous reservoir at D, and the pumps were started again. 

Experimental procedures. Blood was withdrawn from the carotid artery of the recipient animal 
into a syringe at the rate of 1 ml./min until its blood pressure was reduced to 30 mm Hg. Ten 
minutes later the blood was returned to the recipient at the same rate. To test the integrity of 
the nervous connexions to the hind limb, anoxia was produced by obstructing the recipient's 
tracheal cannula until a maximum rise in hind-limb perfusion pressure was obtained, at which 
time the anoxia was terminated. Artificial respiration for 10-30 sec was required to ensure 
recovery. Presence of vascular tone in the hind limb maintained through its nerve supply was 
demonstrated by giving hexamethonium bromide (5 mg intravenously) to the recipient at the end 
of the experiment. 

RESULTS 


The very small vascular response in the hind limb to a standard rapid and 
extensive removal of blood from the vascularly separate nervously connected 
recipient animal can be seen clearly in Fig. 2. This response can be mediated 
only through the nervous system. 


removed rar mped 


Fig. 2. A typical record of the neurogenic vascular responses of innervated but otherwise isolated 
hind limb of the rat to (1) acute blood loss, (2) anoxia, and (3) ganglionic block induced by 
hexamethonium (C,), the direct effects of all three being confined to the rest of the animal. 
The upper tracing (manometer 3) is the recipient’s mean carotid blood pressure and the lower 
(manometer 2), the pressure of the blood perfusing the hind limb at constant rate. 

A small drop in hind-limb perfusion pressure occurs at each stroke of the constant output 
arterial pump and is a mechanical effect associated with the reciprocating action of the twin 
pistons. 
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‘This record is typical of the eight experiments of this type performed. There 
is a marked rise in the hind-limb perfusion pressure in response to anoxia in 
the remainder of the animal and a drop in this pressure due to loss of the 
resting neurogenic vascular tone of the limb vessels as a result of the ganglionic 
blocking effect of hexamethonium. : 

In the light of these responses, which indicate an active integral nervous 
connexion between the perfused limb and the rest of the recipient animal, it 
would appear that, in the chloralose-anaesthetized rat, acute blood loss does 


not result in any nervous responses causing appreciable compensatory changes — 


in the blood vessels of the hind limbs. 
Table 1 shows the results of eight standard experiments. Three times, at 


hourly intervals, the recipient animal was bled to 30 mm Hg blood pressure _ 


by the standard procedure; the resulting neurogenic alterations in perfusion 
pressure are given. The integrity of the nervous connexions and the amount 
of neurogenic vascular tone were tested as described earlier by anoxia and by 
ganglionic blockade with hexamethonium bromide, and the responses to the 
_ test procedures are given also. 


TaBiE 1. Changesin resistance to blood flowin an isolated but still innervated hind limb as shown 
by increase and decrease in the pressure of blood perfusing it at constant rate. Three times, at 
1, 2 and 3hr, the blood pressure of the remainder of the animal was lowered for 10 min to 
30 mm Hg by withdrawal and replacement of blood. Anoxia was effected by obstruction of the 
respiratory airway, and hexamethonium bromide was used as a blocking agent 


Changes in hind-limb perfusion pressure (mm Hg) | 


Hypotension Anoxia 
Chloralose A ~ A 

Expt. no, (mg/kg) Isthr 2ndhr @3rdhr Iphr (5 mg) 
132 75 0 +76 - 30 
135 75 8 +22 
141 75 0 -10 — +42 +70 ~ 20 
142 75 0 -~4 — +52 +56 -18 
148A 25 0 28 46 
153 50 -8 - 6 — 
154A 50 +9 - 6 - 4 -10 
156 50 -5 - 7 -18 — — -14 


The results show that there is increasing vasodilatation in the hind limb in 
response to repeated acute blood loss from the remainder of the animal. The 
mean hind-limb response at the first hour is a rise in perfusion pressure of 
0-5 mm Hg, while at the second hour the mean response has reversed to — 
become a drop in perfusion pressure of 8 mm Hg, and at the third hour the § 
mean drop has increased to 17 mm Hg. e 
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DISCUSSION 
From the above results, it is apparent that an increase in the tone of the blood 
vessels of the hind limb, mediated through its nerve supply, is not an important 
mechanism in compensating for acute blood loss in the anaesthetized rat. 

The drop in hind-limb perfusion pressure with blood loss in the remainder 
of the recipient animal may be connected with the release of humoral sub- 
stances to be discussed in Part II. The humoral substances may reduce the 
peripheral neurogenic vascular tone by either a direct or a reflex action on the 
central nervous system. 

The amount of anaesthetic used affected the magnitude of the response. 
In Expt. 148A (Table 1) the recipient was given only 25 mg/kg of chloralose. 
Under this very light anaesthesia the magnitude of the responses and the 
amount of continuous nervous tone were increased, but no change in the 
character or direction of the responses was observed. Since this animal was 


_ very near to consciousness throughout the entire experiment, it is thought 


probable that an unanaesthetized rat would respond in essentially the same 
way as the anaesthetized rat. Further experiments using this dose of chloralose 
were not attempted. It has been reported (Saito, 1928) that the release of 


adrenaline in animals subjected to acute blood loss is greater in the unanaes- 


thetized animal. This might account for the increase in the neurogenic vaso- 
dilator response in the more lightly anaesthetized animal. 


PART II. HUMORAL COMPENSATION IN ACUTE BLOOD LOSS 


METHODS 


Since innervation of the perfused hind limb was not required in these experiments, the recipient 
was lightly anaesthetized with ether until the hind-limb vessels were cannulated, and then killed 
with ether. The femoral and sciatic nerves were cut during the operation, otherwise the 
experiments were set up in the same way as in Part I. The donor animal was subjected to acute 
blood loss of the same severity as that given to the recipient animal in the experiments in 
Part I. 

In the experiments on surgically altered donor animals a right adrenalectomy and a left 
nephrectomy were performed. 2-4 weeks previously. Just before the experiments were started 
appropriate acute surgical procedures were performed. 


RESULTS 


‘Humoral vasoactivity of blood from a normal donor rat 
A typical record of hind-limb response to acute blood loss in the donor rat is 
shown in Fig. 3. The first acute blood loss in the donor rat resulted in a slight 
rise in hind-limb perfusion pressure which returned to its original level as the 
donor’s blood volume was replaced. Further episodes of acute blood loss at 
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Fig. 3. The humoral effect of perfusing blood from a donor animal subjected to three episodes of 
acute blood loss at hourly intervals, on the vascular resistance of an isolated denervated rat 
hind limb. The upper trace is the mean carotid blood pressure of the donor rat (manometer 1); 
the lower trace is the constant rate perfusion pressure of the hind limb (manometer 2). At | 
the donor rat was bled by stopping the venous return pump, allowing the arterial pump to 
reduce the donor animal’s blood volume by 1 ml./min. When the donor’s carotid blood 4 
pressure had fallen to 30 mm Hg (at 2) the venous return pump was started and adjusted to | 
a rate of 1 ml./min to maintain a constant blood volume in the donor rat. At 3 the venous 
pump rate was increased to 2 ml./min in order to increase the donor’s blood volume to its 
prohypotensive level at the rate of 1 ml./min. At 4 the venous return rate was weheee to 
its previous rate of 1 ml./min. 
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2 and 3 hr resulted in pressor responses of increasing size. The base line 
remained slightly elevated after these later episodes of blood loss. 

Hind-limb response to hourly episodes of acute blood loss. As a standard 
procedure, at hourly intervals after the donor had been given chloralose, blood 


TABLE 2, Changes in perfusion pressure in the isolated denervated hind limb perfused at constant 
rate, due to humoral vasoactive substances released when the donor animal was bled 
temporarily at hourly intervals. The donor animal’s blood pressure was lowered by bleeding 
in each case to 30 mm Hg and held at that level for 10 min before the animal’s blood volume 


restored 
A Changes in hind-limb ion pressure 
(mm Hg) 
Chloralose A 
Expt. no. (mg/kg) Isthr 2ndhr $8rdhr 4thhr 5Sthhr 
A. Hourly episodes of acute blood loss 
146 25 21 74 — 
147 25 10 34 — 
133 75 8 76 — ice i 
145 50 6 14 48 a — 
162 50 4 30 52 — — 
171 50 6 46 26 — — 
172 50 20 100 138 — — 
144 75 6 28 84 a — 
176 75 1 22 
B. Initial episode of blood loss delayed 3 hr — 
148B 75 — -- — 18 144 
154B 75 20 134 
157B 75 — — — 28 175 
C,. Hind limb perfused after two previous episodes of blood loss in donor 
160 50 8 104 
161 50 — — 6 34 130 
175 75 24 46 108 


D. Change in perfusion préssure of the hind limb due to initial blood loss in a second donor after 
sensitization of the hind limb by hourly episodes of blood loss in the first donor 


(first. donor) (second donor) 
L16 75 
L17 75 4 24 68 
L18 15 8 8 26 — — 
L19 75 12 78 104 
L20 75 6 115 18 — — 
E. Initial hypotensive episode of 1 hr duration 

155 50 16 62 
158 50 8 — 830 118 

159 50 10 — 58 128 


was removed and after 10 min was restored again. The results in Table 2.4 
show the marked increase in size of the hind-limb response to repetition of this 
procedure. The mean of the responses at the first hour is 9 mm Hg; at the 
second, 37 mm Hg; at the third, 66 mm Hg. 

Effect of delay on the hind-limb response. In order to observe the effect of 
prolonging the time between the beginning of the experiment and testing the 
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response to bleeding, an isolated hind limb was perfused with blood for over 
3 hr before the donor animal was subjected to the standard acute blood loss. 
The results of this delay may be seen in Table 2B. The mean hind-limb 
response after 4 hr is 22 mm Hg, which is very much smaller than the second 
and third hour responses observed above. Hence the increase in response is 
not purely a function of time. 

Effect of previous episodes of blood loss from the donor on the hind-limb response. 
The increase in the size of the hind-limb response could be explained either by 
an increase in the quantity of vasoconstrictor substance released or by an 
increase in the reactivity of the hind-limb vascular bed to the substance. In 
three experiments (160, 161, 175; Table 2C) the donor rat was subjected to 
two periods of standard blood loss before the perfusion of the recipient’s hind 
limb was started. Before the third hour episode of blood loss, the hind limb 
was placed in the circuit. The mean of the third hour hind-limb responses for 
these three experiments is only 13 mm Hg, which is of similar size to the first 
hour response in the experiments in Table 2.4. This shows that the amount of 
pressor material released by the donor has not been increased by the prior 
episodes of hypotension, and suggests that the increased response is due to an 
increased vascular reactivity in the hind limb. 

As another test of the increased reactivity of the hind limb after perfusion 
with blood from a bled donor, two similar donor rats were prepared simul- 
taneously and the blood of one used to perfuse the hind limb. This donor was 


subjected to two episodes of blood loss with an interval of 1 hr. Five minutes _ 


before the third hourly episode the other animal was substituted as the donor 
and bled in the standard manner. The results (Table 2 D) show that the response 
of the hind limb to the initial blood loss in the second donor animal, i.e. the 
third hour response, is larger (mean value 47 mm Hg) than the hind-limb 
response to the initial blood loss from the first donor animal (mean value 
7-5 mm Hg). This further suggests an increase in the reactivity of the hind 
limb to the released pressor material, rather than an increase in the amount 
of material released. 

Effect of a prolonged initial period of acute blood loss. Three experiments (155, 
158, 159; Table 2) were carried out to determine the effect, if any, of pro- 
) longing the period of blood loss. In these experiments the blood pressure of 
the donor rat was lowered at the end of the first hour to 30 mm Hg and the 
reduced blood volume maintained for 1 hr. The hind-limb perfusion pressure 
responded with a small rise (mean value 11 mm Hg; Table 22) which was 
maintained throughout the period of hypotension, dropping again when the 
blood volume was restored. Further episodes of hypotension at the third hour 
and fourth hour showed increased responses (mean values 50, 123 mm Hg 
respectively) of a size comparable to those obtained at the third and fourth 
_ hours when the initial period of hypotension was only 10 min. Thus the 


‘ 
bi 
ig 
NS 
¥ 


RESPONSES TO ACUTE BLOOD LOSS 221 


duration of the hypotensive episode has little effect on the increase in size of 
subsequent hind-limb pressor responses. | 
Effect of blood from donors, subjected to acute blood loss, on the response of the 
hind limb to noradrenaline. The above results suggest that the increase in hind- 
limb response to vasoconstrictor substances liberated during acute blood loss 
is due to a change of reactivity of the hind limb to pressor material. To indicate _ 
whether this change in reactivity is one affecting pressor substances in general, 
or merely an increase in reactivity to some particular substance, noradrenaline 
and vasopressin (Pitressin; Parke, Davis) were used as vasoconstrictor test 
materials. Three small doses of noradrenaline (0-01 ug) were given into the 
hind limb at 10 min intervals before each of the hourly episodes of blood loss. 


TABLE 3. Mean response of the perfused hind limb to noradrenaline injections (3 injections of 
0-01 yg intra-arterially) given between hypotensive episodes in the donor (chloralose 50 mg/kg) 


Changes in hind-limb 
on pressure due to Mean changes in hind-limb 
episodes of blood loss perfusion pressure due to 
in the donor noradrenaline injections 
(mm Hg) (mm Hg) 

Expt.no. 2hr 3hr  fhr Iphr 2phr 
162 4 ee 19 31 39 52 
171 ae 46 26 60 44 5k 73 
172 20 100 138 54 41 54 36 


' The mean of the three rises in perfusion pressure due to the injections of 


noradrenaline, with the corresponding response in perfusion pressure due to 
the hourly blood loss are recorded in Table 3. The fourth mean noradrenaline 
response, marked 34 hr in Table 3, represents the mean of three pressor 
responses to noradrenaline given after the third hour bleeding. The results of 
three experiments shown in Table 3 indicate no marked change in reactivity 
to noradrenaline. Similarly, no marked change in reactivity to Pitressin was 
observed. Therefore neither an increase in reactivity to pressor substances in 


_ general, nor a specific increase in reactivity to noradrenaline or Pitressin, has 


been established. 

Control injections of noradrenaline were given in other experiments in which 
bleeding was not carried out and their effects were found to vary only slightly 
during perfusion of the hind limb for longer than 3hr. 


Humoral vasoactivity of blood from a surgically altered donor — 
subjected to periodic episodes of acute blood loss 
In an attempt to identify the source of the pressor material, surgically 
altered donor rats were used. Animals with a sole remaining kidney and 
adrenal had either a kidney or an adrenal, or both the kidney and the adrenal, 
removed just before the start of the perfusion experiment and the humoral 
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response to acute blood loss, with these altered — as donors, was 
observed. 

Adrenal and kidney removed acutely. By removing al kidney and adrenal 
tissue, major sources: of pressor material are eliminated. However, the 
responses are by no means abolished (Table 4.4), the mean first hour response 
being 3mm Hg (normal 9mm Hg), while the second hour response was — 
21 mm Hg (normal 37 mm Hg). Thus the removal of all kidney and adrenal 


_ tissue does not eliminate the pressor response. 


TasLe 4, Changes in hind-limb perfusion pressure due to vasoactive materials released by 
surgically altered donor rats subjected to hourly acute blood loss. Blood was removed every 
hour to lower the donor’s blood pressure to 30 mm Hg and after 10 min was restored again 


Changes in hind-limb perfusion pressure 
| (mm Hg) 


Expt.no. Isthr Qndhr rdhr 4thhr 
A. After acute adrenalectomy and nephrectomy 


152 10 14 20 — 
169 - 7 20 
173 6 34 — — 
176 24 — 
B. After acute nephrectomy, one adrenal intact 
164 = 4 10 12 70 
166 - 4 - 3 6 2 
C. After acute adrenalectomy, one kidney intact 
149 12 98 — — 
150 8 42 50 — 
165 16 76 — — 


Kidney removed acutely, adrenal remaining. Results in Table 4B show the 
greatly reduced response when only the kidney was removed, leaving an 
adrenal intact. The mean hind-limb response to acute blood loss in the donor 
at the first hour was — 1 mm Hg, and even at the fourth hour only 36 mm Hg. 
This reduced response suggests that the adrenal, instead of releasing a pressor 


- material, is exerting some action which reduces the size of the response. 


Adrenal removed acutely, kidney remaining. The hind-limb response to acute 
blood loss in a donor having one kidney but no adrenals is slightly greater than 


that of a normal animal (Table 4C). The mean at the first houris12mmHg 


(normal 9 mm Hg), and at the second hour is 72 mm Hg (normal 37 mm Hg). 
Difficulty was found in maintaining adrenalectomized donors for 1 more than 
two hypotensive si owing to respiratory failure. 


DISCUSSION 
When the vascular bed of an isolated denervated hind me of a recipient rat is 
perfused with blood at constant rate there is a rise in the hind-limb perfusion 
_ pressure when blood is withdrawn from the donor animal to reduce its mean 
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blood pressure to 30 mm Hg. This pressor response to blood loss in the donor 
is reversible, as the perfusion pressure returns almost to its previous level when 
the blood is restored to the donor. Repeated episodes of blood loss cause an 
increased hind-limb response, due to an increased vascular reactivity rather 
than an increased amount of humoral material produced (Table 2C, D). 
This increased vascular reactivity is all the more interesting when considered 
along with the results of the neurogenic responses observed in the experiments 
of Part I. Just why the animal has increasing neurogenic vasodilatation in 
response to repeated episodes of acute blood loss, which at the same time are 
responsible for increasing humoral vasoconstriction, is difficult to explain. 
The classical account of response to acute blood loss is one of initial vaso- 


_ constriction of nervous origin followed by release of adrenal pressor amines 


(Gregerson & Root, 1956). Adrenaline has been shown to be released in 
response to acute blood loss (Saito, 1928; Armin & Grant, 1955; Watts, 1956) 
and is known to cause reflex neurogenic vasodilatation (Taylor & Page, 1951; 
Gruhzit, Freyburger & Moe, 1954). This could account for the neurogenic 
vasodilatation observed, contrary to expectation, in the experiments in Part I. 
However, this does not explain why the neurogenic vasodilator response 
increases with repeated episodes of blood loss. If the vasodilatation were due 


_ to adrenal amine, it would be reasonable to expect the amount of amine 


released to be greater on repeated bleeding since the vasodilatation is greater, 
but the amount of humoral vasoconstrictor substance does not appear to 
increase significantly. Also, the unimportance of the adrenal gland to the — 
pressor humoral response suggests that adrenaline does not have an important 
action in this case (Table 4). | 

After small hind-limb responses to humoral substance liberated by the 
donor, the hind-limb perfusion pressure returns to its original level. After 
larger responses, especially after the second and third hour responses, the 
perfusion pressure remains elevated above its original base line. This elevated 
base line could well be due to the effect of small amounts of residual pressor 
material on the over-reactive hind limb vasculature. 7 3 

Depth of anaesthesia appears to affect both the humoral and the neurogenic 
responses. In both cases, the size of the response appears to be larger with 
lighter anaesthesia. This may also account for the very large second responses 
in the experiments of Table 2B. | 

In nearly all cases the hind-limb constrictor response to acute blood loss 
from the donor had reached its maximum and the perfusion pressure had 
started to fall by the time the 10 min episode of blood loss was complete. 
Prolonging the initial period of blood loss did not increase the size of the initial 
hind-limb response, nor did it alter the size of subsequent responses. 7 

The results of Table 4 suggests that a vasoconstrictor substance, which 
comes from neither the kidney nor the adrenal, is released or activated during 
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blood loss. Further, there is some suggestion that the presence of an adrenal 
decreases the hind-limb response to the vasoconstrictor material; the kidney 
increases the size of the response. 

The increase in response after adrenalectomy of the donor and the lack of 
increase in reactivity of the hind limb to noradrenaline injections make it 
improbable that adrenaline or noradrenaline is the active pressor agent. The 
blocking of hind-limb response to adrenaline by dibenamine also failed to alter 
significantly the size of the response. 

The release of renin during haemorrhagic hypotension has been suggested 
(Huidobro & Braun-Menendez, 1942). This may be a factor in the observed 
pressor rises, but cannot be the only pressor substance, as rises in hind-limb 
perfusion pressure on blood loss in the donor still occur after complete 
nephrectomy of the donor. — 

It is possible that the pressor factor in the humoral response to acute blood 
loss, and that in renoprival hypertension, may be related. In each case a 
pressor factor is present in bilaterally nephrectomized animals, and in each 
case there is increased reactivity of the peripheral vessels to pressor material 
(McQueen, 1956). 

Experimental haemorrhagic shock in animals is usually produced by re- 
peated bleeding (Wiggers, 1950). Hence the present observations on humoral 
vasoconstrictor agents and increased peripheral reactivity following repeated 
_ acute blood loss may have some bearing on the problem of irreversible shock. 
It was observed in passing that, in a few experiments, when the donor’s blood 
pressure was accidentally held below the standard level of 30 mm Hg a state 
of collapse resembling irreversible shock ensued in the donor after the second 
period of blood loss, accompanied in the recipient hind limb Buz a sustained 
high perfusion pressure. 


SUMMARY 


1. A technique is described for the perfusion at a constant fow rate of an 
isolated innervated rat hind limb with blood from a donor animal. 

2. Increase in the nervous tone of the vascular bed of the hind limb of the 
anaesthetized rat is not an important mechanism in compensating for tem- 
porary acute blood loss of short duration. In fact, a neurogenic vasodilatation, 
which increased on repetition of the blood loss, was observed i in the isolated 
innervated hind limb. 

3. Humoral vasoconstrictor material, capable of causing a rise in the 
peripheral resistance of a perfused isolated hind limb, is released in the anaes- 
_ thetized rat in response to acute blood loss. 

4. The increase in vasoconstriction which occurs with repeated extensive 
removal and replacement of blood of the donor is due at least in part to change 
in reactivity of the hind-limb vascular bed to the humoral material released 


or 
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from the donor. No concurrent increase in the reactivity to noradrenaline of 
comparable magnitude was observed. 

5. In the adrenalectomized, nephrectomized rat a substance which causes 
the hind-limb vascular bed to become constricted is released in response to 
acute blood loss. 


6. It seems that the adrenal glands may decrease the vasoconstriction in the 
hind limb in response to acute blood loss while the kidneys tend to increase it. 


This work was carried out with the financial assistance of the Life Insurance Medical Research 
Fund of Australia and New Zealand. 
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THE MECHANISM OF THE CHANGES IN FOREARM VASCULAR 
| RESISTANCE DURING HYPOXIA 


By J. E. BLACK anp I. C. RODDIE 
From the Department of Physiology, The Queen's University of Belfast 


(Recewwed 13 February 1958) 


Though both hypoxia and hypercapnia stimulate respiration, their effects on 
the circulation are quite distinct in many ways. In the present paper experi- 
ments are described which contrast the effects of these two stimuli on some 
aspects of the circulation. It was found that hypercapnia caused a rise in 
forearm vascular resistance whereas hypoxia caused a fall. Evidence was 
obtained that the fall in resistance with hypoxia was mediated through a 
humoral rather than a nervous mechanism and resulted from the washing out 
of CO, from the lungs during the hypoxic hyperpnoea. 


METHODS 


The experiments were carried out on healthy young adults. They lay eauniinns in a room at 
20-22° C, breathed through a valved mouth-piece and wore a nose clip. By a suitable arrange- 
ment of taps and connecting tubing the subject, when required to do so, breathed various gas 
mixtures from a Douglas bag, instead of room air. The gas mixtures were made up as required by 
passing calculated proportions of O,, CO, and N, through a gas-meter into a Douglas bag. The 
proportions of the gases in the mixture were then checked by analysing a sample of the mixed gas 
in a Haldane gas analysis apparatus. 


Respiratory movements were recorded by two stethographs, one round the chest and the other © 


round the abdomen, connected to a single volume recorder. Arterial pressure was measured from 
a needle in the brachial artery by capacitance manometry and venous pressure from a needle in 
an antecubital vein by saline manometry. Forearm blood flow was estimated by venous occlusion 


plethysmography. 
were blocked with 2% lignocaine. 


RESULTS 
panes of the effects of hypoxia and hypercapnia on forearm 
vascular resistance 
Four subjects breathed 5-10% O, in N, for 2-6 min. Then after a period of 
some minutes of breathing room air, a mixture of 4-10% CO,+20% O, in N, 


was substituted. The results of a typical experiment are shown in Fig. 1. The 
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_ whereas hypercapnia caused a rise. 
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hypoxia and the hypercapnia caused a comparable degree of respiratory stimu- 
lation. The hypoxic hyperpnoea, however, was followed by a phase of periodic 
breathing. Hypoxia caused a large increase in forearm blood flow with little 
change in mean arterial or venous pressure so that the vascular resistance in 
the forearm (calculated by dividing mean perfusion pressure by mean flow) 
was considerably reduced; in the experiment shown in Fig. 1 it was about 
halved. The heart rate increased from about 80 to 150 beats/min. 
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Fig. 1. A comparison of the effects of acute hypoxia and hypercapnia on respiratory movements 
(inspiration downwards), heart rate, arterial blood pressure, forearm blood flow and forearm 
vascular resistance. The clear rectangle represents the period of hypoxia (6% O, in N,) and 
the black rectangle the period of hypercapnia (7% CO, + 20% O, in N,). 


When carbon dioxide excess was breathed the effects were quite different. 
The systolic, diastolic and mean arterial pressures increased and there was a 
slight fall in blood flow. Vascular resistance in the forearm was about doubled. 
The heart rate showed only a slight increase. Figs. 2 and 3 show forearm blood 
flow plethysmograms and arterial blood pressure records made during this 
type of experiment and the results of all such experiments are summarized in 
Table 1. In each subject hypoxia caused a fall in forearm vascular resistance 
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_ Comparison of hypoxia and voluntary hyperventilation on 
forearm vascular resistance 
It is well known that the hyperpnoea during acute hypoxia causes increased 
elimination of carbon dioxide from the lungs with a resultant fall in alveolar 
pCO,. A fall in alveolar pCO, is also seen during voluntary hyperventilation. 


7% CO, in 


_ Fig. 2. Plethysmographic recordings of forearm blood Nas ine during acute — (above) 
and acute hypercapnia (below). 
Hypoxia 
1005 
_. Hypercapnia | 
Before During ae After 


(6% O, in N,) shown above, and acute hypercapnia (7% CO, +20% O, in N,) shown below. 


Tas_E 1. A comparison of the changes in heart rate, forearm blood flow, arterial pressure and 
forearm vascular resistance during hypoxia and hypercapnia in four subjects. The changes 


are the maximum changes observed and are one as a percentage of the levels observed 
during the control periods 


Gas mixture 
(%) Forearm Forearm 
A Heart blood Arterial vascular 
Subject rate flow pressure resistance 
E.L. 6 — 94 + 80 +100 +12 — 40 
73 + 12 25 +35 +75 
P.A. 5 — 96 +100 +400 - 33 - 90 
20 10 8670 + 18 - 25 +30 +65 
8.C. — 9 + 70. + 51 +10 33 
20 4 % + 4 0 +19 +14 
H.McK., 82 — O18 + 62 + 80 +4 -40 
18 + 12 +15 +40 
B.B.. — + 58 +100 - 50 
19 .. + 10 - 10 +20 +11 
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It is of interest, therefore, that the circulatory changes which accompany 
hypoxia and voluntary hyperventilation have many features in common. 
Fig. 4 shows the result of an experiment in which some of these circulatory 
changes have been compared. Both stimuli caused a large increase in heart 
rate and blood flow, both in the normally innervated and the nerve-blocked 
forearms. The vascular resistance in the normally innervated and the nerve- 
blocked forearms was reduced. It was clear, therefore, that the active dilata- 
tion of the forearm blood vessels with both these stimuli was mediated through 
humoral rather than nervous mechanisms, 
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Fig. 4. A comparison of the effects of acute hypoxia and voluntary hyperventilation on heart 
rate, arterial pressure, blood flow in the normal and nerve-blocked forearms and vascular 
resistance in the normal and nerve-blocked forearms. @, Normal forearm; 0, nerve-blocked 
forearm. The open rectangle represents the period of hypoxia (8% O, in N,) and the black 
rectangle the period of hyperventilation. 


The effect of hypoxia on forearm vascular resistance when 
alveolar pCOz 1s kept constant 
The humoral vasodilatation in the forearm during voluntary hyperventila- 
tion results from the increased washing out of OO, from the lungs and the con- 
sequent hypocapnia (Clarke, 1952; Roddie, Shepherd & Whelan, 1957). The 
dilatation does not occur if similar hyperventilation is performed when 
sufficient carbon dioxide is added to the inspired gas mixture to minimize or 
prevent increased carbon dioxide elimination (Fig. 5). Since the hyperpnoea 


with hypoxia causes increased washing out of CO, it was thought possible that 
7 
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the resultant hypocapnia might contribute to the vascular changes. To test this 
hypothesis subjects were made to breathe oxygen-poor mixtures on two 
occasions. On the first occasion the gas mixture contained no CO, so that 
increased CO, elimination occurred. On the second occasion about 4% OO, 
was added to the gas mixture in an attempt to minimize or prevent increased 
washing out of CO, during the hyperpnoea. Fig. 6 shows the result of one such 


Respiratory 
movement 
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< 


Forearm blood flow 2 
(mi./100 mi./min) 


Ss s 


o 


(resistance units) 


Forearm vascular resistance 


0 60 
sec 


Fig. 5. The effect of voluntary hyperventilation with air and with 5% CO, in O, on heart 
rate, arterial pressure, forearm blood flow and forearm vascular resistance. Stethographic 
recordings of respiratory movements (inspiration downwards) are shown. The hatched rect- 
angle represents the period of hyperventilation with air and the cross-hatched rectangle the 
period of hyperventilation with 5% CO, in O,. 


experiment. The subject breathed 8% O, in N, on two occasions. On the 


second occasion 4% CO, was added to the inspired gas. When this was done 
the increase in ventilation during the hypoxia was much greater. On the other 
hand the increases in forearm blood flow and heart rate were smaller. Instead | 
of a slight fall in arterial pressure there was a definite increase. Instead of 
decreasing, the forearm vascular resistance remained unchanged and it was 
possible to account for the small rise in forearm blood flow by the increase in 
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the perfusion pressure. The result of a similar experiment on another subject 
is shown in Fig. 7 and the results of all such experiments are summarized in 
Table 2. It was concluded that many of the vascular effects of acute hypoxia 
were due more to hypocapnia than to lack of oxygen. Lack of oxygen appeared 
to cause no important reflex changes in the calibre of the forearm blood vessels 
in the presence of a nearly normal alveolar CO, level. 


Respiratory 
movement 


Arterial pressure 
(mm Hg) 


Forearm blood flow 
(ml./100 mi./min) 


(resistance units) 


= 


Forearm vascular resistance 


0 5 10 aes 
min 


Fig. 6. A comparison of the effects of acute hypoxia on respiratory movement (inspiration down- 
wards), heart rate, arterial pressure, forearm blood flow and vascular resistance (a) when 
there was no CO, in the inspired gas mixture (8% O, in N,) and (b) when sufficient CO, was 
added to the inspired gas mixture to maintain alveolar pCO, nearly constant (4% CO, 
+8% O, in N,). 


DISCUSSION 


Abramson, Landt & Benjamin (1943) found a 30% increase in forearm blood 
flow in subjects breathing 10% 0, in N,, and Anderson, Allen, Barcroft, 
Edholm & Manning (1946) observed even greater increases when 6-10% O, in 
N, was. breathed. In the present experiments where 5-10% O, in N, was 
breathed for short periods the average increase in forearm blood flow was about 
100%. This increase in flow was due to vasodilatation since there was little 
change in arterial or venous blood pressure and the increase in flow could not 
therefore be explained by an increase in perfusion pressure. The vasodilatation 
was not mediated through vasomotor nerves since similar changes were seen 
in the normal and the nerve-blocked limb. Nor was it due to the mechanical 
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effects of the hyperpnoea, since when 4% carbon dioxide was added to the 
hypoxic gas mixture the vasodilatation did not occur even though the re- 
spiratory excursions were greater. The vasodilatation must, therefore, have 
been due to a humoral mechanism. One possibility was that the vasodilatation 
was brought about by the fall in arterial blood oxygen acting directly on the 


see 


Heart rate 
(beats/min) 


|" $3 


min 


Fig. 7. A comparison of the effects of acute hypoxia on heart rate, arterial pressure, normal and 
nerve-blocked forearm blood flow and normal and nerve-blocked forearm vascular resistance 
(a) when there was no CO, in the inspired gas mixture (8% O, in N,) and (6) when sufficient 
CO, was added to the inspired gas mixture to maintain the alveolar pCO, nearly constant 
(4% CO, +8% O, in N,). O, Nerve-blocked forearm; @, normal forearm. 


TaBLE 2. A comparison of the changes in heart rate, forearm blood flow, arterial pressure and 
forearm vascular resistance during hypoxia when the alveolar pCO, is allowed to fall and 
hypoxia when a fall in alveolar pCO, is prevented. The changes are —— aS & per- 
centage of the levels observed during the control periods 


blood Forearm vascular 
flow resistance 
Nerve. Arterial Nerve- 
Subject 2 CO, N, ~~ rate Normal blocked pressure Normal blocked 
5 4 91 +28 + 33 — +19 - 4 — 
H.McK. 82 — 918 +62 + 80 +59 +4 -40 - 33 
81 44 8756 +12 +20: #£+25 +23 + 6 + 2 
B.B. 8 — 92 +58 +100 — -ll — 50 ~ 
10 — +438 + 40 ~10 33 
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resistance blood vessels. However, there was no evidence for this, since 
hypoxia did not cause vasodilatation in the nerve-blocked forearm when 
sufficient CO, was added to the inspired gas to prevent excessive CO, elimina- 
tion from the lungs. ie 

_ The humoral vasodilatation with hypoxia seemed to be related in some way 
to the increased elimination of CO, which normally accompanies hypoxic 
hyperpnoea, but the exact mechanism was not clear. If carbon dioxide had a 
direct vasoconstrictor effect on forearm blood vessels the results might be 
explained by the fall in arterial blood pCO, causing vasodilatation. This would 
be most unlikely, since the main body of evidence indicates that CO, has 
a direct vasodilator action both in animals (Dale & Evans, 1922) and in 
human cerebral vessels (Kety & Schmidt, 1948) and skin vessels (Diji & 
Greenfield, 1958; Glover & Greenfield, 1958). It would be more probable 
that the rapid fall in arterial pCO, led to some biochemical change in the 
blood, or to the release of some agent such as adrenaline which causes vaso- 
dilatation in skeletal muscle (Whelan, 1952). Of course this is only one of 
several humoral vasodilator mechanisms which might be evoked and the 
present experiments did not provide conclusive evidence in support of any of 
them. 

The increase in forearm blood flow with hypoxia was very similar to that 
seen during voluntary hyperventilation in man (Roddie et al. 1957). In both 
cases the increase was due to vasodilatation mediated by a humoral mechanism 
and was related to an increased rate of elimination of carbon dioxide from the 
body. It could be prevented if CO, elimination wasimpeded. During voluntary 
hyperventilation in man though nerve-blocked muscle vessels dilate, nerve- 
_ blocked skin vessels constrict and this result would be consistent with release 
of adrenaline into the general circulation (Swan, 1951; Whelan, 1952). It 
would certainly be of interest to study the effects of hypoxia and voluntary 
hyperventilation on peripheral blood flow in adrenalectomized patients. 

The results also confirm that CO, loss normally modifies the respiratory 
response to lack of oxygen, but the respiratory measurements were so crude 
that they provided no evidence for or against the hypothesis that CO, excess — 
and oxygen lack interact as respiratory stimulants (Gray, 1950; Nielson & 
Smith, 1951; Cormack, Cunningham & Gee, 1957). The large increase in heart 
rate with hypoxia was not seen when carbon dioxide elimination was impeded. 
It may be, therefore, that the tachycardia normally seen with hypoxia is partly 
due to CO, loss. CO, loss similarly modified the arterial pressure response to — 
hypoxia. When increased CO, elimination was allowed to occur freely the 
arterial pressure was little changed or fell slightly. However, when CO, 
elimination was impeded hypoxia invariably caused an increase in pressure. — 

‘Pure hypoxia’, ie. hypoxia when sufficient CO, was added to the inspired 
gas mixture to impede excessive CO, elimination, caused only a slight increase 


> 
x 
i 
4 
Bm 
a 
z 
rem 
eg 
a 
i= 
> 


234 J. E. BLACK AND I. C. RODDIE 


in forearm blood flow. The arterial pressure was also increased and the increase 
in flow could be accounted for by the increase in perfusion pressure indicating 
that resistance to blood flow in the forearm was practically unchanged. The 
effects of pure hypoxia on the peripheral circulation in man therefore seem 
different from those of carbon dioxide excess. Even small degrees of hyper- 
capnia cause an increase in resistance to blood flow in the forearm. Though the 
mechanism of this increase is not known with certainty it is likely that vaso- 
motor nervous activity plays a part since sympathetic nerves are largely 
responsible for the intense vasoconstriction in muscle when 30% CO, is 
breathed (McArdle, Roddie, Shepherd & Whelan, 1957). Pure hypoxia, on the 
other hand, did not increase resistance to blood flow in the forearm even when 
it was very severe (5% O,) and the present experiments did not provide any 
evidence that this stimulus can cause reflex vasoconstriction in the limbs. This 
conclusion was supported by the fact that the responses of the nerve-blocked 
and normally innervated forearms to pure hypoxia were essentially similar. 
However, though the results provided no evidence for reflex vasoconstriction 
with hypoxia, they did not of course completely exclude it. 

Both hypercapnia and pure hypoxia caused a rise in arterial pressure and the 
present experiments indicated that the mechanisms of these pressor responses 
_ were not identical. The pressor response to hypercapnia was due in part to 
increased vascular resistance in the limbs. With pure hypoxia on the other 
hand the pressor response was due either to increased resistance in vascular 
beds other than those in the limbs, or to increased cardiac output or to both. 
However, the vascular effects of pure hypoxia are very similar to those seen 
when the common carotid arteries are compressed in man (Roddie & Shepherd, 
1957). Both stimuli cause an increase in arterial pressure but this is not accom- 
panied by increased vascular resistance in limbs. 


SUMMARY 


1. Normal subjects breathed 5-10% O, in N, for 2-6 min and forearm blood 
flow was measured by venous occlusion plethysmography. 

_ 2. Hypoxia brought about in this way resulted in a large increase in venti- 
lation, heart rate and forearm blood flow. There was relatively little change in 
either arterial or venous pressure so that vascular resistance in the forearm 
was considerably reduced. 

3. Since vascular resistance in the nerve-blocked forearm also fell it wasclear 
that the forearm vasodilatation with hypoxia was due to a humoral rather than 
@ nervous mechanism, 

4. When increased elimination of CO, from the lungs during hypoxia was 
prevented by adding sufficient CO, to the oxygen-poor gas mixture to maintain 
the alveolar pCQ, nearly constant, the increases in forearm blood flow and 
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heart rate were much smaller and vascular resistance in the forearm was not 
appreciably altered. 

5. It is concluded that the fall in vascular resistance in the forearm during 
hypoxia is due more to the hypocapnia resulting from the hyperpnoea than 
directly to the lack of oxygen. 
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CONCERNING THE DETERMINATION OF TOTAL 
INTRACELLULAR CONCENTRATIONS BY THE 
CRYOSCOPIC METHOD 


By KATHLEEN A. BUCKLEY, E. J. CONWAY anv H. 0. RYAN 
From the Biochemical Laboratory, University College, Dublin 


(Received 28 February 1958) 


Experiments were described from this laboratory (Conway & McCormack, 
1953) in which guinea-pig kidney and liver were taken from the anaesthetized 
animal, frozen at once in liquid oxygen, ground to a powder, and maintained 
at 0° C after mixing with isotonic saline in the proportion of 1 ml./g tissue. 
It was shown that the molarity contributed by the tissue was the same as that 
of the plasma, and that no appreciable increase in the molecular concentration 
of the mixture occurred up to 60 min at 0° C. Such experiments have been 
confirmed here by numerous experiments in which the isotonic saline diluent 
was used in the proportion of 0-5 ml./g tissue. | 
- When such tissues are frozen and ground the intracellular solutes are shared 
with the whole water of the tissue and it was found convenient to regard the 
total solutes in the tissues as a concentration per litre of total tissue fluid, 
expressing this as a freezing-point depression with the symbol F;. The values 
of F, may be calculated readily from the freezing points of the mixtures with 
the saline diluent (Conway & McCormack, 1953). | 
In marked contrast to the results with guinea-pig kidney and liver, a rapid 
increase of F, with time occurs with the abdominal muscle of the guinea-pig 
and rat, and also with the rat kidney under the same conditions. This increase 
of F, arises from the formation of extra molecules due to the break-down of 
labile substances (Conway, Geoghegan & McCormack, 1955). Thus, with these 
tissues the F, value determined as rapidly as possible, taking usually about 
_ 4-5 min, is somewhat elevated above that of the living tissue. A better approxi- 
mation, therefore, to the true in vivo value can be obtained by extrapolating 
to zero time. Such a time refers to the instant when the temperature of the 
mixture of frozen and powdered tissue with the saline diluent is brought up 
to 0° C. Such extrapolation, owing to the variability of single F, observations, 
can be properly done only by way of a statistical regression line based on many 
observations up to the period when the increase of F, diverges from linearity, 
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this being about 20 min for the experiments described. The mean F, values at 
zero time for such tissues were then found to be the same as that of the plasma 
within the sampling error. : 

Brodsky, Appelboom, Dennis, Rehm, Miley & Diamond (1956) have criti- 
cized this procedure of extrapolation while ignoring the results with guinea-pig 
kidney and liver in which it was not required, as well as the experiments in 
which 01% HgCl,, included in the saline, inhibited the increase of F, with 
time when muscle and rat kidney were used. They based their criticism on 
the supposition that the cell membranes were insufficiently ruptured by the 
freezing and grinding process, and that complete mixing inside and outside 
the cells might take a very appreciable time. They write: ‘The instantaneous 
freezing-point depression (or the extrapolated freezing point) of isotonic or 
hypertonic cells in an isotonic ambient solution would have to be isotonic, 
since the isotonic phase freezes prior to the hypertonic phase. Consequently, 
Conway’s experiment could not have distinguished between isotonic and 
hypertonic cell fluid.’ 

This criticism is erroneous and involves three different kinds of error. 
First, the mixing of osmotically active material inside and outside the cells, 
or remains of the cells, after freezing and grinding is shown here to occur 
practically immediately, as judged from analytical data for total acid- 
soluble phosyhate and for the equal distribution of sucrose contained in the 
saline diluent with all the water of the mixture. The increase in F, with time 
has been analytically and quantitatively explained (Conway ef al. 1955) by 
the formation of an increased number of molecules due to the enzymic break- 
down of various labile substances. | 

Secondly, even if one made the extreme assumption that the cells were 
undamaged by the freezing and grinding, then if the intracellular concentration 
was hypertonic, water would pass rapidly from the isotonic saline diluent into 
the cells, just as water would rapidly enter centrifuged erythrocytes suspended — 
in a hypotonic saline medium. Even the advocates of a water pump (e.g. Robin- 
son, 1950) considered the cessation of its activity at 0° C, and that even with 
tissue slices an osmotic gradient would cause a rapid passage of water across 
the cell membranes. In short, one would have osmotic equilibrium rapidly 
established and within a few minutes at most when powdered tissue is mixed 
with saline and brought to 0° C. Thus, whether there was complete destruction 
of the cell permeability or none at all, the procedure described would tend to 
produce the same result and indicate whether there was hypertonicity or not. 

Thirdly, the significance of the extrapolation by means of a statistical 
regression equation over the period of linear increase in the molecular con- 
centration of the mixture with time has been missed. Even if, for illustration, 
the cellular content were hypertonic and it took 5 min for the completion of 
osmotic equilibrium throughout the mixture, then the regression line based 
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on the results after 5 min, and up to the limit of linear increase in F, with time, 
would cut the ordinate, not at the level of the freezing point of the isotonic 
saline but at that corresponding to complete osmotic equilibrium throughout 
the mixture with the normal cell contents. | 

If it were possible to obtain freezing points every second or so, the full curve 
of calculated F, with time would ascend from that of the isotonic mixture 
and approach the regression line asymptotically after about 5 min, im ac- 
-  eordance with the assumption made above. Actually, the full curve would 
approach the regression line in less than a few minutes. In short, what can be 
achieved through such a line and its intercept on the ordinate at zero time is 
a correspondence to full osmotic equilibrium apart from the formation of new 
molecules. Such new molecules appear in the mixture maintained at 0° C, and 
from zero time onwards, when using the abdominal muscles of guinea-pig or 
rat, or rat kidney, and other examples could be given. They arise from the 
break-down or hydrolysis of substances such as adenosinetriphosphate, 
phosphocreatine, hexose esters and glycogen (Conway et al. 1955). 

The use of a regression line employing all the available results up to the 
limit of linearity likewise reduces the variability of such a figure to the smallest 
level for the available data. The extrapolations used by Brodsky et al. (1956) 
in their Fig. 4, namely joining the first two values (expressed as millimolarities 
per litre tissue water) in an experiment in order of time and continuing the 
_ line to cut the ordinate, makes it obvious that they were unaware of the 
necessary statistical procedure when dealing with such variable data. 

In the present communication, besides the experiments showing the practi- 
cally immediate break-down of membrane permeability when frozen and ground 
tissue is suspended in isotonic saline, there is included a discussion of the data 
published by Brodsky et al. (1956) and what may be deduced therefrom. 


METHODS 
Experimental 

The permeability studies were carried out with rat skeletal muscle, kidneys and liver and with 
guinea-pig kidneys. From the anaesthetized living animal the kidneys and a sufficiency of skeletal 
muscle or liver were excised and immediately introduced into liquid oxygen in a Dewar flask. 
After 5 min or more they were ground in a mortar and a rapidly measured amount of isotonic 
_ saline solution (NaCl 0-95 g/100 ml.) added in the proportion of 1 ml. to 1 g tissue. After mixing 
and bringing rapidly to 0° C, the mixture was immediately centrifuged for a few minutes at 
2500 rev./min, the centrifuge tube being jacketed with a mixture of ice and water. The supernatant 
fluid was removed for microscopic examination. Apart from the very occasional remains of a 
cell, the fluid was free from any visible cell debris. The supernatant fluid was then analysed 
for total acid-soluble phosphate and potassium. Control analyses were carried out on weighed 
amounts of the powdered tissue. 

In one series of experiments, isotonic sucrose (10-3 g/100 ml.) was used instead of isotonic saline 
and in another similar series, although isotonic saline was used as the diluent it had sucrose 
(0-5 g/100 ml.) incorporated. The supernatant fluids obtained as in the previous experiments were 
analysed for sucrose. 
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Sucrose ‘space’ in guinea-pig kidney slices 

Slices of guinea-pig kidneys approximately 0-3 mm in diameter were made in the manner 
already described (Conway & Geoghegan, 1955) and about 0-6 g of the slices immersed in 20 ml. 
of suitable isotonic Ringer’s fluid without bicarbonate (Robinson, 1950) at 37° C. The Ringer’s 
fluid contained in addition sucrose 0-5 g/100 ml. The suspension was bubbled with oxygen for 
lhr. After this time the surplus fluid was removed, some being kept for sucrose analyses, the 
tissue slices were weighed and then reimmersed in 5 ml. of a similar Ringer’s fluid (not containing 
sucrose originally) for another hour with the same conditions of temperature and oxygen bubbling. 


If 5, is the concentration (g/ml.) of the sucrose in the solution after the original soaking of the . 


slices, and 8, that in the 5 ml. after reimmersion for 1 hr, then the sucrose ‘space’ may be deter- 
mined from the equation 
Ws x 8, + 5-0) x 8,, (1) 


where ¢ is the sucrose space (ml./g) and W the weight of the slices (grams). In determining 8, and 
8, it was found suitable to dilute with distilled water 100 times and 3 times respectively. 


Chemical procedure 

Sucrose was determined as in the inulin method of Ross & Mokotoff (1951). 

Acid-soluble phosphate. 4 ml. of 5% TCA was added to 1 ml. of the supernatant fluid or, in the 
case of the control, to 1 g of the powdered tissue. After mixing thoroughly the suspensions were 
centrifuged and measured quantities of the TCA extracts were ashed in sulphuric acid. After 
incineration the solutions were neutralized with concentrated NH,OH solution and diluted to 
suitable volumes. The phosphate was then determined by the method of Berenblum & Chain 
(1938). 

Potassium. Suitable quantities of the supernatant fluid and powdered tissue were dried in 
platinum crucibles and then ashed after adding a few drops of concentrated H,SO,. The ash was 
dissolved in sufficient distilled water for potassium determination with a Beckman flame 

RESULTS 


Experiments with sucrose and frozen and ground renal tissue | 


A series of experiments were carried out in which frozen and powdered guinea- 


pig kidneys were mixed with isotonic sucrose (1 g/ml.), brought to 0° C and 
then rapidly centrifuged for about 3 min at 2500 rev/min. The supernatant 
fluid was analysed for sucrose. The results are given in Table 1, the sucrose 
concentrations being expressed as g/100 ml. water. The extra water from the 
tissue diluting the sucrose is given in column 4 and this in turn is expressed 
as a percentage of the total tissue water in column 5. | 


In addition, three experiments were carried out in which the sucrose 


(0:5 g/100 ml.) was added to isotonic NaCl solution (0-95 g/100 ml.). The 
results are also given in Table 1. 

The average percentage of the total tissue water into which the sucrose can 
be described as fully entering is 96+1-8 (s.p. of mean). Thus, within the 
sampling error, it enters into the total tissue water and at least as rapidly as 
the procedure of mixing and centrifuging could be conducted. 

The sucrose ‘space’ in renal tissue slices. The results of the procedure de- 
scribed in Methods are given in Table 1. It will be seen that the average sucrose 
‘space’ in the slices is 0-31 ml./g tissue or 41% of the total tissue water. 
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TaBLE 1. Sucrose ‘space’ in frozen and ground guin ee een YS and in renal 
8 


slices in oxygenated Reiger” at 37°C 
Average sucrose 
concentration Pr water Sucrose ‘ 
in water tissue in tissue 
No. of of mixture "'e u brought to 0° C 
_ Tissue and diluent expts. (g/100g water) the cauils (% of tissue water) 
Kidney powder 

1 g powder +1 ml. isotonic 6 6-14 0-74 98-7 

sucrose 
1 g powder +1 ml. isotonic 3 0-298 0-69 ? 92-0 

saline containing 0-5 sucrose/ 

100 ml. 


After mixing the kidney powder and diluent and bringing rapidly to 0° C, the mixture was 
immediately centrifuged. 


Average of total data for sucrose ‘space’ as percentage of the tissue water = 96-3 + 2-5. 


Average sucrose concen- Sucrose ‘ ona in 


No. of __ tration in kidney slices renal slices 
Tissue and diluent expts. (g/100 g kidney tissue) (g/100 g tissue) 
Renal slices 
0-6 g slices immersed for 1 hr aes 0-155 31 
at 37° C in Ringer’s fluid : 
0-5 g sucrose/— 


The following data were used in calculating the above values: (a) The isotonic sucrose used 
contained 10-3 g/100 ml. or 11-0 g/100 g water in the solution; (b) in 100 ml. of the isotonic sucrose 
there was 93-5 g water; (c) 100 g of the tissue powder contained 75 g water. 


TABLE 2. Mean results for acid-soluble ph e and for potassium in supernatant fluid on mixing isotonic saline with 
é the powdered tissue, rapidly to 0° C and immediately centrifuging ; 
mM in supernatant fluid. mm in supernatant fluid. 
mm in tissue water Acid-sol. P K 
Tissue and diluent Acid-sol. P K Theoretical Theoretical 
Liver powder, rat. 1 ml. 3 35:3 1190 146 14:2 49-2 54-4 
saline added/g tissue 
Skeletal muscle powder, rat. 6 73:3 130-0 26-8 26°7 55-5 52-0 
1 ml. saline added/g tissue 
Kidney powder, rat. 2 ml. Bi 61-5 80-4 8-6 9-3 22:1 203 
saline added/g tissue 


Ay with respect to supernatant fluid of (Experimental mm)/(Theoretical mm) x 100: 
Acid-soluble P + (s. D. of mean). 


Potassium = 98-2 + 3-9 (s.p. of mean). 


Theoretical values are those which would occur if all the acid-soluble P or K diffused fre! freely throughout the 


of the mixture of tissue and saline brought to 0° C. 
kidney was 70, 76 and 75 Sand 15 g/100 g of tissue, respects tively. 


The exit of total acid-soluble phosphate from the frozen 
and ground tissue brought to 0° C 
The results for skeletal muscle, liver and kidney are shown in Table 2. 
In these experiments 1 ml. of isotonic saline was added per gram of frozen 
and ground tissue powder in the case of skeletal muscle and liver, but for 
kidney it was found better to add 2 ml. of isotonic saline per gram powdered 
tissue in order to obtain a clear supernatant on centrifuging. After mixing, 
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bringing rapidly to 0° C and centrifuging in ice-cooled centrifuge tubes for 
3 min, the supernatant fluid was removed for analysis. In determining the 
total acid-soluble phosphate in the tissue, weighed amounts of the tissue powder 
were used. The results are given in Table 2, and the last two columns show 
the expected concentrations of acid-soluble phosphate as m-equiv/l. of super- 
natant water compared with the actual results. For the three experiments 
with liver, the average concentration in the supernatant water was 98% of 
the value expected. For six muscle experiments the average was 99%, and 
for the two experiments with renal tissue it was 107-6 % of the expected value. 
It appears therefore that acid-soluble phosphate is very rapidly and equally 
distributed throughout the total water of the mixture. Similar results were 
obtained for potassium, as shown also in Table 2. — | | 


DISCUSSION 
The criticism by Brodsky et al. (1956) of the results from this laboratory ob- 


_ tained by the use of the cryoscopic method for measuring the total intracellular 


concentrations have been dealt with sufficiently in the Introduction and in the 
section on Results. The experimental data of these authors may now bereviewed. 


Results of Brodsky et al. (1956) using dilwent 

In their figs. 5a and 56 they give the results of two experimental series with 
the powder from the frozen and ground dog’s liver using distilled water as 
diluent and two series using 476 mm-Na(Cl (or 952 total ionic mm) as diluent 
(three times the concentration of physiological saline). These four experimental 
series were carried out on the frozen liver from one dog. From their fig. 5a 
using distilled water, a linear relation of time against osmotic activity of the 
cell water is apparent up to about 32 min. The regression line of osmotic 
activity (which is here transposed into F; values or depressions of the freezing — 
points) for the two experiments, including twelve results, and proceeding from 
10 min to 32 min, is given in Table 3. From this, when ‘t’ is zero, the F, value 
becomes 0-533 + 0-02 (s.p. of mean), the average F, for plasma being 0-555. 
Thus the mean F, value at zero time is the same as that of the plasma within 
the sampling error. 7 

In their fig. 56, giving the results with the high saline diluent, there are also 
twelve results, six from each experiment, taken from 10 min up to about 
47 min. There is no obvious decline in the mean F, increase up to that time. 

From the regression equation, F, at zero time becomes 0-566 + 0-035 
(s.D. of mean). Their published results with high saline diluent thus give again 
an F, value at zero time corresponding to the plasma figure. 

From the results of these two experiments it is alleged that the calculated 
data for the osmotic activity after approximately 5 min in each case provide 
evidence for delayed diffusion of osmotically active substances from the cells. 
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In criticizing this view, it may first be noted that apparently 1 ml. (or 
approximately 1 ml.) of the high saline diluent was added per gram liver 
powder, and that from the subsequent freezing-point data after varying times 
at 0° C any error therein is much magnified in the calculated osmotic activities 
within the cells owing to the relatively large deduction to be made for the high 
saline molarity. With such variable data (shown in their fig. 4) they proceed 
to extrapolate to zero time by joining the first two points on the time graph. 
For both experimental series these lines cut the ordinate at exactly the zero 
point. Such a procedure might well give astonishing results, not necessarily 
having any relation to the true picture, or such a result as would be obtained 
from the regression lines considered above. It is, however, really surprising 
that both the lines they drew should cut the ordinate exactly at the zero point, 
especially when closer attention is given to these first points in the two 
experimental series. It would appear that a miscalculation has occurred in 
_ the case of the first point in the series marked by rectangular symbols. In 
the recorded data for the saline-tissue mixture the level of the figure at 5 min 
is the same as at’ 37 min (both corresponding to approximately 683 total mm), 
yet the calculated value for the tissue water is given as about 120 at 5 min and 
267 at 37 min. Put in another way, the seven points after the first in this 
experimental series indicate a mean ratio of diluent water to tissue water of 
1-59, the ratios from the single observations differmg from this by no more 
than 2-3°%, whereas the ratio calculated from the result in question is 2:1. 

This would appear to rule out one of their points from consideration in this 
context. Concerning the remaining point of 650 total mm after 5 min (in their 
fig. 5b), this amounts to 93% of the total for full osmotic equilibrium. Since 
variations of the order of 7 °% in the determination of the freezing point might 
_ occasionally arise, as judged by inspection of their data as a whole, no real 
significance could be attached to this single finding. Even if it indicated the 
true relation, and 93%, of the osmotic equilibrium was reached in the cellular 
remains after 5 min instead of 100%, this makes no difference to the calcula- 
tion of the intercept of the ordinate by the regression line calculated from data 
after 10 min. | 

In their fig. 4 they group all the calculated values of osmotic activity in the 
tissue water against time at 0° C using diluents with the powder from one 
dog’s liver. The six experimental series include the four already considered 
_ and the two others in which isotonic saline was used. The regression line for 
all the experimental data from 10 min up to 32 min (beyond which the mean 
_ values for the six experiments decline from a linear relation with time) gives 
the regression equation in Table 3. 

From this the mean F, value at zero time is 0-582 + 0-035 (s.p. of mean) or 
about 6% above the plasma value, which could be accounted for by the samp- 
ling error. At the same time it may be noted that one of the experimental 
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TaBLE 3, Regression equations for F; on t, and related data, for frozen and ground tissues, 
using a diluent, 1 ml./1 g tissue and maintaining at 0° C 
+ 8.D. 
| t (1 ml. to 1g) ) of serum 
Dog liver* Hypertonic saline a 0-566 + 0-085 0-555 
Dog liver* Distilled water F; “eden + 0-533 0-533 + 0-022 0-555 
ta 
Dog liver* All results with diluent F, = 00081-+ 0582 0-582 + 0-035 0-555 
i as y above + 0-555 (0-555 + 0-033 0-555 
cite : omitting one aberrant (21 data) 
{[Suinea-pig abdominal saline + 0-02 0-550 
] Rat kidneyt Isotonic saline 0-48 + 0-027 0-507 
a 
Guinea-pig kidneyt Isotonic saline No increase of F, with time 0-566 + 0-01 0-550 x 
up to 60 min at 0° C (8 data) ¥ 
Guinea-pig livert Isotonic saline No increase of F'; with time 0-550 + 0-01 0-550 2 
up to 60min at 0° C (8 date) 
 Guinea-pig abdominal Isotonic saline with 0-1 % No increase of F;, wi 0-550 0-550 F 
HgCl, up to 60 min (5 data) 
 Guinea-pig diaphragmt Isotonic saline with0-1% No increase of F; with time 0-545 0-550 
up to 60 min at 0° C (4 data) 
Rat kidneyt Isotonic saline with 0-1 % No increase of F, with time 0517 0-507 
HgCl, up to 60 min at 0° C (3 data) 
Mean of all results (79 data) for F; at zero time using diluent = 0-536 + 0-008 0-542 
Without diluent | 
Dog liver; tissue — F, = 0-002t + 0-628 0-628 + 0-012 0-555 
powder* (20 data) 
Dog liver; Carver press ~ = 0-0012¢ + 0-652 065240008 0.555 
juice 


* Brodsky et al. (1956); t Conway & McCormack (1953). 


series using isotonic saline as diluent is very exceptional, inasmuch as the 
total intracellular concentration descends from 385 after 10 min to 330 total 
mo after 42-5 min. This differs markedly from the other five experiments and 
from the numerous experiments carried out in this laboratory, and it is 
reasonable to suppose that this large apparent fall in the number of molecules 
arises from some experimental error in this experimental series. Omitting this 
series, the regression for the remaining twenty data gives a mean F, value at 
zero time of 0-555 + 0-033 (s.p. of mean) or a mean figure identical with the 
mean plasma value. It will appear from the above that the published experi- 
ments of Brodsky ef al. (1957) using a diluent are fully in accord with the 
results from this laboratory (Conway & McCormack, 1953), as shown in Table 3. 


Results of Brodsky et al. (1956) without diluent 
These authors present the results of six experimental series without diluent, 
using frozen and powdered dog liver brought to 0° C. The results are presented 
in their fig. 2b in which it is apparent that for the six experiments the observa- 
tions up to about 35 min indicate an average linear upward trend. From the 
twenty experimental observations up to this time the regression equation in 
Table 3 has been calculated, and from this the mean F’, value at zero time be- 
comes 0-628 + 0-012, indicating a mean increase of 13% above the plasma value. 
PHYSIO. CXLIII 
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In their fig. 2a is presented the results of five experimental series in which 
juice pressed from a frozen block of tissue from a Carver press is used without 
diluent. The mean increase with time is much less than with the liver powder, 
and the linear trend appears to be maintained up to at least 60 min. From 
the twenty-six observations up to this time the equation in Table 3 has been 
derived, and the mean F, value at zero time is 0-652 + 0-008. 

As discussed above, the total evidence from this laboratory and from the 
data of Brodsky et al. (1956) is practically compelling for the conclusion that. 
the mean calculated F, value at zero time of bringing the mixed powdered 
tissue and diluent (1 g/1 ml. diluent) to 0° C is the same as that of the plasma. 
Also the evidence advanced by Brodsky e¢ al. (1956) shows that when the 
dilution of the tissue water proceeds from twice to eight times, there is no 
effect on the calculated F, value (expressed by them in the equivalent value 
of total mm). It would appear then that when mean F, values for zero time 
after bringing to 0° C and using the powder without diluent: amount to 13% 
above the plasma value, this difference should be assigned either to the high 
protein concentration or simply to variation. 

In this context it may be noted that in the results published by Brodsky 
et al. (1956) for the effect of dilution of Carver press juice, though the calculated 
osmotic activity expressed per litre of tissue water does not change from a 
dilution of twice to eight times (referable to tissue water), there is some de- 
crease up to a dilution of twice. This decrease amounts to about 19 mm. 
While this is relatively small, none the less when related to a plasma level of 
300 mm it is about 6%, which could possibly reduce the mean values without 
diluent, using Carver press juice or powdered tissue, to 11 and 7%, respec- 
tively, above plasma level. This effect could be related to the high protein 
content in some such way as described by Kuhn & Majer (1955) using gels of 
polyacrylic plus polyvinyl alcohol. 

The variability of the results throughout these experiments of Brodsky 
et al. (1956) is considerable, particularly when one considers that in their 
fig. 4 the results were all obtained using the frozen liver of one dog. Also, we 
have found here that frozen tissue powder brought to 0° C forms a very thick 
pasty mass, and points determined therefrom are liable to be much in error. 
For this reason we worked with a saline diluent. 

A combination of such effects (and possibly others) may well account for 
the somewhat elevated mean F,, values at zero time obtained from the results 
of Brodsky et al. (1956) working without diluent. 


| SUMMARY 

1. It has been shown that when rat liver, kidneys or skeletal muscle are 
frozen in liquid oxygen, ground to a powder, then mixed with isotonic saline 
diluent (1 ml. to 1g of tissue), brought rapidly to 0°C and immediately 
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centrifuged in tubes maintained at 0°C, all the intracellular acid-soluble 
phosphate and potassium has diffused out to full equilibrium into the saline 
diluent. 

2. Also when guinea-pig kidneys are treated similarly, the diluent being 
either isotonic sucrose solution or isotonic saline containing 0-5 g sucrose/ 
100 ml., the sucrose is distributed equally in all the water of the mixture, or 
it has entered fully into the tissue water. 

3. For these and other reasons discussed, the criticism by Brodsky et al. 
(1956) of the extrapolation ere used by Conway & McCormack (1953) 
is erroneous. 

4. When treated by an appropriate statistical procedure, their results using 
a diluent with frozen and powdered dog’s liver, the mixture being maintained 
at 0° C, are quite in accord with the results of Conway & McCormack (1953), 
showing that the mean total molecular concentration within mammalian 
tissue cells is the same as that of the plasma, within the error of estimate. 

5. It would appear that the use of a diluent, at least equal in volume to the 
tissue water, is required for correct results with these cryoscopic methods. This 
conclusion is based first on the experiments of Brodsky et al. (1956), in which 
_ using a diluent volume less than that of the tissue water there is some fall in 
the calculated F, values, whereas with an equal or larger volume of diluent 
from such dilution onwards there is no apparent change. Secondly, from the 
published results of Brodsky e al. (1956) using such a diluent with liver 
powder, the mean value of the total intracellular concentration in the dog’s 
_ liver is the same as the plasma value, whereas liver powder without a diluent 
gives a somewhat higher result. 


Our thanks are due to the Rockefeller Foundation for a grant in aid. 
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THE EFFECT OF ELECTRICAL STIMULATION OF 
THE HYPOTHALAMUS OR PITUITARY GLAND 
ON THYROID ACTIVITY 


By G. W. HARRIS anp J. W. WOODS* 


From the Department of Neuroendocrinology, Institute of Psychiatry, — 
Maudsley Hospital, London, S.E.5 


(Received 6 March 1958) 


It is clear that the central nervous system influences the activities of the 
ovary, adrenal cortex and thyroid gland. Brown-Grant, Harris & Reichlin 
(1954a) found that procedures calculated to give rise to emotional stress in 
rabbits (painful stimuli and restraint) result in a prompt and marked decrease 
of thyroid activity, and that sudden changes in the conditions of environ- 
mental lighting, whether from light to dark or vice versa, also result in tem- 
porary inhibition of the thyroid. The findings of von Euler & Holmgren (19566), 
that hypophysectomized rabbits bearing pituitary transplants do not respond 
to environmental cold with an increase in thyroid activity and do not respond 
to the stress of 24 hr anaesthesia with thyroid inhibition, also indicate a neural 
mechanism underlying these reactions. 

It is likely that the means whereby the central nervous system affects 
thyroid activity involves the hypothalamus and hypophysial portal vessels of 
the pituitary stalk. Brown-Grant, Harris & Reichlin (1957) found that simple 
stalk section in the rabbit was followed by regeneration of the portal vessels 
and a return of the thyroid inhibitory response to the stress of restraint or 
injection of stilboestrol, whereas stalk section with the placement of a plate 
between the hypothalamus and pituitary gland was associated with a per- 
manent loss of the thyroidal responses to restraint and stilboestrol. These 
findings are compatible with those of von Euler & Holmgren (19566) mentioned 
above. The inhibition of secretion of the thyrotrophic hormone (TSH) by the 
anterior pituitary which follows a rise in concentration of thyroxine in the 
blood may be independent of the hypothalamus, since direct injection of 
thyroxine into the pars distalis of the pituitary, but not into the hypothalamus 


_ * Present address: Department of Physiology, The Johns Hopkins University School of 
Medicine, 710 N. Washington Street, Baltimore, Md., U.S.A. 
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(von Euler & Holmgren, 19562), results in inhibition of thyroid activity, and 
administration of thyroxine to the effectively stalk-sectioned rabbit also 
results in thyroidal inhibition (Brown-Grant et al. 1957). On the other hand, 
the observations of Greer (1951, 1952) and Bogdanove & Halmi (1953), that 
certain hypothalamic lesions may prevent the hypertrophy of the thyroid 
that follows the administration of goitrogenic drugs, indicate that a decreased 
blood concentration of thyroid hormone requires the mediation of the hypo- 
thalamus in order to result in an increased discharge of TSH. The findings of 
Reichlin (1957), that compensatory hypertrophy of the thyroid does not occur 
in the presence of anterior hypo.halamic damage, is also in accord with this 
view. 

The hypothalamus appears necessary, not only to effect certain reflex 
changes in thyroid activity in response to environmental stimuli, but. also to 
maintain thyroid activity under conditions of a constant environment. Several 
procedures have been used to isolate, completely or partially, the pituitary 
gland from the central nervous system. Pituitary transplantation (von Enler 
& Holmgren, 19565), pituitary stalk section (Brown-Grant et al. 1957), and 
destruction of the anterior part of the median eminence (Ganong, Frederick- 
son & Hume, 1955), or of the anterior hypothalamus (D’Angelo & Traum, 
1956) have all been found to result in reduced thyroid function. The converse 
experiment of applying electrical stimulation to the hypothalamus and ob- 
serving any change in thyroid activity has rarely been attempted. No in- 
crease in oxygen consumption of rabbits was seen by J. D. Green & G. W. 
Harris (unpublished), following prolonged stimulation of the hypothalamus, 
but definite conclusions were not drawn from this owing to the limitations of 
the method for measuring metabolic rate in rabbits. Histological signs of 
increased thyroid activity in rats and rabbits were reported by Colfer (1949) to 
follow stimulation of the hypothalamus for four 1 hr periods on each of 2 days. 
No optimum site in the hypothalamus was found but control stimulation of — 
the thalamus or corpus callosum gave negative results. Somewhat similar 
results were obtained by Del Conte, Ravello & Stux (1955), who found that 
diffuse electric shocks applied through the cranium of the guinea-pig resulted 
in an increase in the TSH concentration in the blood within half an hour of the 
stimulus. In the experiments described below electrical stimulation was ap- 
plied for prolonged periods, 24-72 hr, to various regions of the hypothalamus 
and pituitary gland in rabbits. The rate of release of “I from the gland was 
used to detect changes in thyroid activity. Since hypothalamic stimulation is 
known to evoke release of the adrenocorticotrophic hormone (ACTH) (de 
Groot & Harris, 1950; and others), and since a rise in concentration of blood 
adrenal corticoids is known to depress thyroid activity (Brown-Grant, Harris 
& Reichlin, 19546), both normal and adrenalectomized animals were studied. 
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METHODS 


Adult female rabbits (mainly chinchilla) 2-0-3-5 kg body weight, were used. The animals were 
maintained at a constant room temperature of 27-29° C, and under.constant conditions of lighting. 
For a few days before and during the course of the experiments the rabbits were fed on a standard 
diet of peliets (M.R.C. diet 18, supplied by A. C. Taylor, Ltd, London) and tap water, ad lib. 


Thyroid activity 

In vivo. This was assessed by the method described by Brown-Grant, von Euler, Harris & 
Reichlin (1954) which makes use of the rate of biological decay of “I. Doses of 2-5 yo of ™I 
were generally used. In some of the adrenalectomized animals with a subnormal uptake of iodine 
it was necessary to use up to 10 yo of radioactive iodine in order to produce a thyroid counting 
rate of about 3000 counts/min at the time of the initial measurement (48 hr after injection). Twice 
daily counts of the radioactivity of the thyroid region were made, the average of six to ten 1-min 
counts being used on each occasion. In all the findings presented below correction has been made 
for the physical decay of **I. A standard source of radioactivity (0-5 nc *"Caesium, supplied 
by the Radiochemical Centre, Amersham) was used to test the conventional scaling equipment at 
intervals. The equipment used had a straight-line frequency response up to 30,000 counts/min. 
In all other respects the technique used was as described previously. 

In vitro. In some experiments blood was drawn from the marginal vein of the ear at intervals 
and the radioactive protein-bound iodine (PB™*I) and, in some cases, the total plasma radioacti- 
vity, were measured. In these experiments, which were usually performed as a terminal pro- 
cedure, 30 nc “I was administered initially in order to obtain sufficient PB'*4I in the blood 
stream to count accurately. It was found that the radioactivity in the protein-bound fraction 
constituted about 85% of the total plasma radioactivity (see also Brown-Grant, +969). The pro- 
cedures used have been desoribed by Brown-Grant e¢ al. (1954). 


Stimulation of the hypothalamus 7 

Electrical stimulation of the hypothalamus was performed in unanaesthetized ad auteneeined 
rabbits by a remote conte (induction) method similar to that Gancttined by de Groot & Harris 
(1950). 

Implanted unit. ae 1, figs. 1-3). The coil was made of 3000 turns of ‘ Formvar’ insulated copper 
wire, 8.w.G. 42 (Leumex wire, type X, London Electric Wire Co.), wound on to a spindle which was 
_ removed after winding, leaving an open core 1-0 cm in diameter. The outside diameter of the coil 
was 4-5 om. It was 0-6 cm thick. The resistance of such a coil was about 500 D. After winding, the 
coil was impregnated with ‘Formvar’ varnish, baked at 100° C and gently pressed into a saddle 
shape. The outer turn of thecoil was then carried across its upper surface until it ended in the central 
core. Three coats of ‘Welvic’ paste were applied and the coil baked after each coat at temperatures 
of 100, 100 and 150° C respectively. Two leads of many-stranded copper tinsel wire, insulated with 
polyvinylchloride sheathing (Multitone Electric Co. Ltd., London), were then soldered to the 
ends of the coil in the core. The core was then filled, and the entire coil covered, with ceresine wax. 
The coil was finally covered with three layers of polythene ribbon (0-003 in. = 76, thick), which 
was kept in place by cotton thread ties, later used as ligatures. The other ends of the leads were 
soldered to platinum wire (s.w.a. 34) electrodes, insulated with glass capillary tubing, and the 
solder joint covered with dental cement (‘Simplex’ acrylic resin, Dental Fillings Ltd, London). 
For bipolar stimulation, two electrodes with 0-5 or 1 mm of their tips bare, and 0-5 or 1 mm apart, — 
were maintained in position by the dental cement at the solder joint. For unipolar stimulation one 
lead was soldered to an electrode as above, and the other lead soldered to a small oval plate of 

‘Staybrite’ steel (18/8 FMB-Firth Vickers Stainless Steel Ltd, Sheffield) which served as the in- 
different electrode. 

To implant the units the following procedure was used. A mid-line incision was made in the 
skin over the lower thoracic region of the vertebral column, the mobile skin retracted caudally and 
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the ties around the coil loosely sutured to the lumbodorsal fascia so that the centre of the coil was 
situated over the space between the third and fourth lumbar spinous processes. A mid-line in- 
cision was made in the scalp and a hollow glass tube passed up under the skin from the incision in 
the back to emerge from the incision in the scalp. The electrodes and leads were then threaded 
up the tube until they emerged at the cranial incision and the glass tube removed in a rostral 
direction. Seclomycin (penicillin and streptomycin, Glaxo Laboratories Ltd.) was applied to the 
region of the coil. The wound in the back was closed with interrupted eversion sutures and the 
skin allowed to return to its normal position so that the coil itself was no longer in contact with the 
incision. The rabbit's head was now orientated in a stereotaxic machine (Pl. 2, figs. 5, 6), a small 
trephine hole bored with a dental drill at bregma and four fixing screws (3%; in. 6 B.A. thread, 
‘Staybrite’ 18/8 FMB steel) inserted a few millimetres from the trephine hole. The electrodes 
were then inserted into the desired region of the hypothalamus, using stereotaxic co-ordinates as 
an approximate guide and radiography to localize the site of the electrode tip with accuracy. Such 
X-ray control for accurate placement of electrodes in the hypothalamus of the dog has been re- 
cently described by Hume & Ganong (1956), who injected radio-opaque material into the third 
ventricle. This latter procedure is unnecessary in the rabbit in which the bony landmarks in the 
region of the sella turcica are sufficiently well seen in radiographs to act as guides (PI. 1, fig. 3). 
Once the electrodes were in the desired position dental cement was applied as a mound to incor- 
porate the upper ends of the electrodes, the first few millimetres of the insulated leads and the four 
fixing screws in the skull. After applying Seclomycin to the wound the scalp was sutured with 
interrupted éversion sutures and the rabbit removed from the stereotaxic machine. The wounds 
healed without difficulty, sepsis did not occur, the electrodes did not move, and the rabbits showed 
no sign of inconvenience from the implanted units for as long as they were kept alive (for periods 
up to 10 months). 

Stimulating circuit and primary coil (Pl. 3, fig. 7). The circuit used was the same as that described 
by de Groot & Harris (1950) with the exception that a grid bias applied to valves 7'2 and 73 
(Text-fig. 1, de Groot & Harris, 1950), by means of a mercury switch and rotating cam allowed 
stimulation to be applied for periods of } min on and } min off. Also a primary coil of 40 turns 
+ in. (6 mm) copper tubing was substituted for the coil of 5 turns of 4 in. tubing in many of the 
later experiments. This latter change gave an increased duration of the stimulating pulse from 
0-5 msec to 1-4 msec (Pl. 1, fig. 4). At the termination of some experiments, the animal was 
anaesthetized before killing, the leads brought to the surface through a small incision in the back 
of the neck and connected to an oscilloscope by means of needles inserted through the poly- 
vinyl sheaths of the leads. The rabbit was then placed in a cage in different positions in the stimu- 
lating rack (Pl. 8) and the induced voltages between the electrodes measured. : 


Operative procedures 

Adrenalectomy was performed as described by Brown-Grant et al. (1954a). During the first stage, 
i.e. the removal of the right adrenal, through a large mid-line abdominal incision, opportunity was 
taken (i) to investigate the retroperitoneal region for nodules of accessory cortical tissue—these 
were removed if found —(ii) to remove both ovaries (twelve rabbits), (iii) to remove the splanchnic 
nerves and upper lumbar sympathetic chain of both sides (three rabbits), 

Thyroid transplantation. In one animal the thyroid was carefully and gently dissected off the 
trachea, the capsule lacerated with a razor blade, and the gland transplanted to the anterior sur- 
face of the pretracheal muscles to which it was lightly sutured. The completeness of the trans- 
plantation was checked after death by measuring the radioactivity of the thyroid region before 
and after removing the muscles lying in front of the trachea. 

. General plan of experiment 

In the first ten animals used in this study, the coil and electrodes were implanted first, the thy- 
roid response to hypothalamic stimulation ascertained, the two-stage adrenalectomy (plus 
ovariectomy) performed on seven, and the experiments repeated with the animals maintained on 
constant daily doses of cortisone. Since the first stage of the operation, the removal of the right 
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adrenal, necessitates removal of a section of the right wall of the inferior vena cava and involves 
some mortality, the experimental plan in the later animals, thirty-three in number, was modified 
as follows. Right adrenalectomy (in five cases together with ovariectomy and in three other cases 
with lumbar sympathectomy) was performed as an initial procedure. Several weeks after full 
recovery, which should allow time for any compensatory adrenal hypertrophy, the stimulating 
unit was implanted. The effect of hypothalamic stimulation on thyroid activity was then observed. 
In seven of these animals further experiments were undertaken to determine the effects of adminis- 
tration of high doses of cortisone upon the thyroid response to hypothalamic stimulation. The 
removal of the left adrenal gland was then performed and the stimulation experiments repeated 
_ with the animals maintained on small constant daily doses of sor trcne. 

Drugs. The following 11-dehydro-17-hydroxycorti (Corti acetate, 
Upjohn, London); adrenocorticot hormone (ACTHAR Gel, Armour Laboratories, Chicago, 
Lot No. N31605); thyroxine (i-thyroxine-eodium, Eltroxin, Glaxo Laboratories Ltd), and thy- 
rotrophic hormone (Thyrotrophin, Armour Laboratories, Chicaco, Lot No, R377157). 

Histology. The animals were killed with an overdose of Nembutal (pentobarbitone sodium, 
Abbott Laboratories Ltd) and the heads were perfused with 100 ml. of 10% formalin through 
each carotid artery. After removing the skin, lower jaw and orbital contents, the heads (with 
electrodes in situ) were placed in 10% formalin. When fixation was complete the dental cement 
on the cranial vault was dissolved in chloroform, the electrodes were removed and the skulls 
decalcified in equal parts 40% formic acid and 7% sodium formate solution. Blocks of tissue 
containing the hypothalamus, pituitary gland and base of skull were dehydrated and embedded 
in low-viscosity nitrocellulose. Serial sections 100, thick were cut in the horizontal plane and 
stained with haematoxylin and eosin, or with Weigert’s iron-haematoxylin. 


The thyroid glands were removed immediately after death and fixed in a saturated solution of — 


corrosive sublimate in 10% formalin. In some cases questionable fragments of accessory adrenal 
cortical tissue, or pieces of ovary containing ruptured follicles, were fixed in 10% formalin, em- 
bedded in paraffin wax, sectioned at 5-7 y, and stained with haematoxylin and eosin. 


RESULTS 
Rablits with intact adrenal tissue 


Results of stimulation on thyroid activity. In preliminary accounts of this 
work (Harris & Woods, 1956a, b) it was reported that in only two out of 
twenty-three animals with intact adrenal cortical tissue was an increase in 
thyroid activity observed to follow electrical stimulation of different regions of 
the hypothalamus or pituitary gland. Since the time of these publications a 
more detailed study of the effects of stimulation in the more anterior region 
of the hypothalamus has been made and further data obtained regarding the 
site in which stimulation results in increased thyroid function in animals with 
intact adrenal cortical tissue. 

Table 1 shows the distribution of the animals in the various groups. It may 
be seen that electrical stimulation of various regions of the hypothalamus 
or pituitary gland for periods of 24-72 hr in forty-three normal or unilaterally 
adrenalectomized rabbits (+ ovariectomy) resulted in thyroid inhibition or no 
change in thyroid activity in thirty-four, group (a); and in thyroid acceleration 
in nine, group (6). There was no correlation between the results observed on the 
thyroid gland and the presence or absence of the right adrenal oe. or the 
presence or absence of the ovaries. 
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TasxE 1, Illustrates the number of animals in the different groups a, b, c and d, and 


the relationship of the groups 
The effect of hypothalamic stimulation on 
thyroid activity 
No. of Inhibition or Questionable 
animals no effect effect Excitation 


With intact adrenal tissue 43 ; 


After complete adrenalectomy 32 


Thyroidal 1311 (% of initial count) 


100 
60 = 
1 
0 | 100 | 200 
Time (hr) 


Text-fig. 1. Rabbit 1076. Three release curves. (i) Intact animal; no effect of stimulation on thy- 
roid activity. (ii) After removal of right adrenal gland and ovaries; slight inhibition of thyroid 
activity at beginning and end of period of stimulation. (iii) After removal of the remaining 
left adrenal gland; — inhibition during the period of wamebasion (see Pl, 5, fig. 18). 
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Sixty-two experiments on the animals in group (a) showed that thyroidal 
inhibition was obtained in forty-one, and no effect on thyroid activity in 
twenty-one experiments, The degree and duration of thyroid inhibition, when 
obtained, were variable. In some cases a temporary (about 12 hr) phase of in- 


hibition was seen at the beginning of the period of stimulation and again 


following the end of the stimulation (Text-figs. 1 (ii), 2(i)), whilst in others a 
more prolonged period of inhibition (Text-fig. 5(i)) persisted for the duration 
of the stimulus. : 


100 


T 


Thyroidal 1344 (% of initial count) 
| 


40 | 
0 50 100 10 
Time (hr) 


Text-fig. 2. Rabbit 1093. Two release curves. (i) After removal of right adrenal gland and ovaries; 
short periods of thyroidal inhibition at beginning and end of period of stimulation. (ii) After 
removal of the remaining left adrenal gland; no effect of stimulation on thyroid activity. 


Thirty-three experiments on the animals in group (b) showed that excita- 


tion of thyroid activity occurred on twenty-eight occasions, no change in 


thyroid activity on three and some degree of thyroidal inhibition on two. The 
results. of the five experiments on three rabbits, in which no increase in 
thyroid function was observed, are of doubtful significance, since on these 
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occasions the strength of the electrical stimulus was decreased in an attempt 
to define a threshold stimulus. The character of the thyroid response to elec- 
trical stimulation of the hypothalamus (Text-figs. 3, 7 (i) and 8(i)) are typically 
those of the response seen following injection of exogenous thyrotrophic hor- 
mone (TSH) (Text-fig. 5(i)), i.e. a short latent period (few hours), a rapid and 


- marked increase in the rate of discharge of thyroidal I (about 2448 hr), 


8 


w 


Thyroidal 1311 (% of initial count) 


wm 


0 50 400 
Time (hr) 
Text-fig. 3. Rabbit 1127. Right adrenal gland, only, removed; stimulation results in thyroid 
activation. Compare the release-curve pattern of the response with those shown in Text-figs. 5 
and 8. (The position of the electrodes in this animal is shown in PI. 4, fig. 9.) 


followed by a period (24-48 hr) after stimulation in which thyroidal radio- 
activity remains constant or may even rise. It is likely that the cessation of 
secretion of thyroid hormone during this latter phase is due to the cessation of 
the pituitary release of TSH following the raised blood concentration of blood 


_ thyroxine. The fact that the thyroid gland may even accumulate “I over this 


period may be explained on the grounds that a fall in the blood concentration 
of TSH results in a reduction of the thyroid secretion of hormone before a 
reduction in the thyroidal uptake of iodine, and that about 10% of the iodine 
contained in secreted radioactive hormone is reaccumulated by the thyroid 
gland (Brown Grant et al. 1954; Brown-Grant & Gibson, 1955a). 

Electrode position. In order to compare the electrode positions in different 
animals a standard series of horizontal sections through the hypothalamus and 
pituitary gland of a rabbit was prepared, projection tracings made of these 
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sections and the electrode positions plotted on these tracings. From the maps 
so obtained (for example, see Text-fig. 4) it is possible to say that in rabbits 
with intact adrenal cortical tissue stimulation in the region of the supra- 
opticohypophysial tract in the anterior part of the tuber cinereum (see Pl. 4, 
figs. 8-10) results in increased thyroid activity, whereas stimulation in more 
aaa: regions of the ‘median eminence (PI. 4, figs. 11, 12), in the region of 


(i) (ii) 

Text-fig. 4. Diagram of a horizontal section extracted from a standard series of microphotographs 
upon which the electrode positions have been projected. Position of unipolar electrodes 
marked singly, and bipolar electrodes joined by a line. IC, internal carotid artery; MB, 
mammillary body; P, region of posterior perforated substance; V, third ventricle; VM, ven- 
tromedial nucleus of hypothalamus. (i) @ and @—®@, electrode position in animals that 
responded to stimulation with thyroidal activation before adrenalectomy; © and O—O, 
electrode position in animals that did not show thyroidal activation either before or after 
adrenalectomy. (ii) @ and @—@, electrode position in animals that responded to mantle 
tion with thyroidal activation but only after adrenalectomy. 


the mammillary bodies (PI. 5, fig. 14), in the tuberal region of the Sis didleians 
_ (PL 4, fig. 13; PL. 5, figs. 16-19), more dorsally in the hypothalamus or in the 
pituitary gland directly (Pl. 5, fig. 15) does not. 

Antidiuretic responses to stimulation. Whilst the present study was in pro- 
gress it became apparent that the region of the supraopticohypophysial tract 
was that in which stimulation resulted in increased thyroid activity, even in 
the animal with intact adrenal cortical tissue. It was then decided to compare 
the antidiuretic and thyroidal responses of twelve animals to hypothalamic 
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stimulation. It had been shown previously (Harris, 1947) that electrical 
stimulation of the supraopticohypophysial tract results in release of anti- 
diuretic hormone and an inhibition of a water diuresis. The assessment of an 
antidiuretic response was performed as described by Harris (1947). Out of 
the twelve rabbits investigated, seven gave an antidiuretic response to 1-2 min 
stimulation (five of these showed thyroidal acceleration to stimulation before 
adrenalectomy, and. two showed thyroidal acceleration but only after adrenal- 


. ectomy), three showed neither an antidiuretic nor a thyroidal response, one 


showed no antidiuretic but a probable thyroidal response after adrenalectomy, 
and one showed a marked antidiuretic response but no change in thyroidal func- 
tion on stimulation. This latter animal was later found to have the electrodes 


_. in the posterior and superior region of the pars distalis, that is in a position to 


stimulate the nerve fibres of the infundibular stem but not those of the median 
eminence. 


Completely adrenalectomized rabbits on constant cortisone therapy 

Results of stimulation on thyroid activity. Since hypothalamic stimulation is 
known to evoke release of ACTH (de Groot & Harris, 1950), and since adminis- 
tration of ACTH or cortisone to the rabbit has been found to depress thyroid 
function (Brown-Grant et al. 19546), thirty-two out of the above forty-three 
rabbits were re-studied after complete adrenalectomy and replacement therapy 
with constant daily doses of cortisone. Of these thirty-two animals, twenty- 
eight had previously shown no increased thyroid activity on hypothalamic 


__ stimulation and four had shown increased thyroid function. 


Of the twenty-eight animals that before complete adrenalectomy failed to 
show thyroid acceleration in response to stimulation, twelve (group c) still 
gave the same negative response after adrenalectomy, three animals gave a 


_ doubtful response and thirteen (in group d) now showed a reversal of response 


and exhibited a clear-cut acceleration of thyroid activity on hypothalamic 
stimulation. 

The twelve animals in group (c) showed, in thirty-two experiments, thy- 
roidal inhibition on eight occasions, and no change in thyroid activity on 
twenty-four. These same twelve animals had} before adrenalectomy, shown 
thyroidal inhibition in seventeen experiments and no change of thyroid 
activity in five, figures which are significantly different: from those obtained 
after adrenalectomy (P<0-001). The three animals that showed a dubious 
response after adrenalectomy did not survive the procedure of adrenalectomy 
for a sufficient length of time to enable the experiment to be repeated. 

Thirteen animals showed a reversal of their previous response after adrenal- 
ectomy. Instead of thyroidal inhibition or no effect on thyroid activity, they 
showed a uniform and marked acceleration of thyroid function consequent on 
hypothalamic stimulation (compare Text-fig. 5, (i) and (ii); and Text-fig. 6 (i) 


rf 
& 
‘a 
x 
qq 
“4 
4 
a 
-if 
~ 


256 HARRIS AND J. W. WOODS 


Thyroidal 1911 (% of initial count) 


100 


3 


PB 131 I (uc/I. plasma) 


w 


@———® Thyroidal 1311 (% of initial. count) 


0 50 100 150 
Time (he) 
Text-fig. 5. Rabbit 1071. (i) Reins curve: adrenal glands intact; stimulation results in slight 
inhibition of the thyroid gland. Intramuscular injection of TSH, 5 mg (equivalent U.S.P. 
_ standard) results in a clear increase in thyroid activity. (ii) Release curve @—@, and curve 
representing PBI QO—O, after complete adrenalectomy. Note the increased thyroid 


period of stimulation. 
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and (ii). Out of thirty-five experiments these animals showed thyroid accelera-. 


tion in twenty-nine; on the other six occasions the intensity of the stimulus 


had been decreased in an attempt to ascertain the threshold value of stimulus. 


Thyroidal 1311 (% of initial count) 


Time (hr) 
Text-fig. 6. Rabbit 1073. (i) Release curve after removal of right adrenal gland and the ovaries; 
slight inhibitory effect on thyroid gland at the beginning of the period of stimulation. 
(ii) Release curve after complete adrenalectomy; stimulation now evokes an increased rate 
of release of thyroidal 1**I, that is, an increase in thyroid activity. 


Four animals in group (6), that is, rabbits in which stimulation had resulted 
In an increased release of thyroidal I before complete adrenalectomy, had 


__ the remaining left adrenal gland removed and the experiments repeated. It 


was found that the thyroid response to stimulation was increased by complete 
adrenalectomy. Typical results are shown in Text-fig. 7(i) and (ii) and Text- 
fig. 8(i) and (ii). | 

In order to assess by a further method the acceleration of thyroidal activity 
resulting from stimulation, it was decided to measure the concentration of 
PB™!] in the blood during some experiments. Brown-Grant (1955) has shown 
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that the concentration of PB™ I in the blood of the rabbit declines exponen- 
tially during the course of a release curve, and that the curve expressing PB" 
roughly parallels the curve of thyroidal radiosctivity. In the present work, 
such an experiment was usually made as a terminal experiment in any given 
animal, since the dose of ™I necessary to obtain an accurate estimate of 
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Text-fig. 7.. Rabbit 1135. Two experiments, (i) before, and (ii) after complete adrenalectomy: 
note the increased effect of stimulation after adrenalectomy. Before complete adrenalec- 
tomy, stimulation resulted in x 2 increase of thyroid function; after complete adrenalectomy, 
stimulation resulted in x 5 increase in thyroid function. 


PB] was high (about 30 yc ™I). Out of twelve experiments on eleven rab- 
bits, a clear increase in blood concentration of PB™ I occurred in eight (Text- 
figs. 5, 8), a slight increase in one, no change in one, and a decrease in two. 
These results were all in agreement with those observed from the thyroidal 
release curve, except in one instance in which stimulation resulted in a fall in 


he J in association with a doubtful change in we rate of release of thyroidal 
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A more detailed analysis of one such experiment, depicted in Text-fig. 8 (ii 
results in the following observations: 
(a) the logarithmic curves representing the rate of fall of thyroidal radio- 
activity and of PB™'I are roughly parallel during the initial control period. 


(b); The curves expressing the total radioactivity of the plasma and of PB!] 


\ the plasma, are also roughly parallel. Averaging all the figures obtained in 
_ this experiment the PB™'I constitutes 83 % of the total plasma radioactivity. 


Stim 


100 


(i) 


count) 
8 38 

| 

a 


2:5 


2-0 


(ii) 


0 50 100 150 200 


Time (hr) 


Text-fig. 8. Rabbit 1188. Two experiments: (i) After right adrenalectomy only; the release curve 
shows that an increased thyroid activity follows stimulation. (ii) After complete adrenal- 
ectomy. The three curves show, from above down, the thyroid release curve and the curves 
of the total plasma radioactivity and the organically bound 141 of the plasma. Note (a) the 
effect of stimulation is increased by complete adrenalectomy, and (b) the increased thyroid 
activity in response to stimulation is reflected both by the release curve and by the study of 
plasma radioactivity. The comparison of the effect of 24-hr stimulation and the subcutaneous 
injection of TSH (0-5 mg equivalent U.S.P. standard) ie discussed in the text. The electrode 
| position in this rabbit is shown in PI. 4, fig. 8. cae 
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- (c) The latent period of the thyroid responses and the responses of the PB™*"] 


are short (as measured in hours) both to hypothalamic stimulation and to 
injection of TSH. Recent unpublished results (R. George & G. W. Harris), 
in which the radioactivity in the venous blood from the thyroid gland has been 
measured, give a latent period of 0-25-0-5 hr for the action of TSH, injected 
intravenously, on the thyroid gland. 


(d) At point ‘a’ in Text-fig. 8(ii), 8 hr after commencing stimulation, the 
blood concentration of PB™I is raised. In spite of this fact the continued 
stimulation over the next 16 hr still maintains an increased thyroid function. 
The excitatory effect of hypothalamic stimulation thus appears to preponder- 
ate over the inhibitory effect of the ‘feed-back’ of a raised blood level of 
thyroid hormone. : 


(e) From previous calibration of the equipment used (see Brown-Grant 
et al, 1954), it may be calculated that the loss of neck counts during the first 
8 hr of hypothalamic stimulation corresponds to a release of about 0-36 uc of 
radioactive iodine. Assuming a total plasma volume in the body of 100 ml., 
the rise in PB™I over this same period amounts to about 0-1 yc. After 
allowing for the rapid disappearance of radioactive thyroxine in the blood of 
the rabbit (Brown-Grant & Gibson, 1955 °), these figures seem to show a rough 
correspondence. 


(f) The increase in thyroidal radioactivity during the 12 hr following the 
cessation of stimulation represents an increase of 600 counts/min in neck 
counting rate. Since it has been found that only about 10% of the I that 
leaves the gland as radioactive hormone eventually recirculates to the gland 
(Brown-Grant et al. 1954) this figure would seem high, since 10% of the radio- 
activity secreted in the previous 24 hr (i.e. the 24 hr period of stimulation) is 
represented by 320 neck counts/min. 


(9) The effect of hypothalamic stimulation during the first 8 hr of stimulation 
is very similar to the effect of the injection of 0-5 mg (equivalent U.S.P. 
standard) TSH (s.c.) during a similar period, in that the latent period of the 
effect is short, the rate of fall of thyroidal radioactivity (36% /24 hr) is the 
same in both cases, and the increase of PBI is x 2-06 and 2-04 respectively. 
The increase in thyroid activity, as measured from the release curve, results 
in both cases from a release rate of Seite ab hr to 36% /24 hr, i.e. by a factor 
of x 7-2. 


Electrode moniticn, The electrode position in some of the animals that re- 
sponded to hypothalamic stimulation with thyroid acceleration after, but not 
before, adrenalectomy is illustrated in Text-fig. 4(ii) and in PI. 4, figs. 11-13. 
The electrodes in animals in this group were found to be in the tuberal region 
of the hypothalamus, and tended to be situated more posteriorly than those in 
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the rabbits in group 6 (that showed thyroidal excitation both before and after 
adrenalectomy) (Text-fig. 4(i) and Pl. 4, figs. 8-10); and more anteriorly than 
in those animals in group ¢ (that showed no thyroidal excitation either before 
or after adrenalectomy) (Text-fig. 4(i) and Pl. 5, figs. 14 and 16-19). It should 
be pointed out, however, that some overlap was found in the electrode posi- 
tions in the animals in the different groups. 

Completeness of adrenalectomy. As mentioned above, adrenalectomy was 
performed as a two-stage operation. The removal of the right gland through a 
mid-line abdominal incision was performed first. During the wide exposure of 
the abdominal contents necessary for this operation a careful search was made 
of the retroperitoneal area for accessory cortical tissue and in the few cases in 
which such was found, usually along the inferior vens, cava on the right side or 
around the kidney on the left, it was removed. At a later date the left adrenal 
was removed through a small lumbar incision. This latter wound was found 
to heal well in spite of cortisone substitution therapy. The maintenance of 
adrenalectomized rabbits on cortisone for long periods is not an easy procedure. 
An average daily dose of cortisone is 1-2 mg/day. However, on this regime a 
proportion of rabbits showed wasting of muscles and lost weight owing to 
excess dosage of cortisone, and a number died from adrenocortical insuffi- 
ciency. In the present study six animals (out of thirty-two) showed signs of 
adrenal insufficiency (became weak, ataxic, unable to stand, or comatose), and 
recovered with cortisone and glucose-saline therapy. Some of these, and other, 
animals died suddenly, In all, fourteen deaths in animals previously healthy 
were attributable to a hypoadrenocortical state. The occurrence of a particular 
thyroid response to hypothalamic stimulation was not related to the occur- 
rence at any time of a state of adrenocortical insufficiency in the different 
animals, 

The data regarding the completeness of adrenalectomy may be summarized 
as (a) the clear visualization of the removal of the two adrenal glands and sur- 
rounding tissue at. the time of operation, (b) the careful examination for, and 
removal of, any accessory adrenal cortical tissue at the time of the right 
adrenalectomy, (c) the fact that fifteen out of thirty-two animals developed, 
at some time, a state of adrenocortical insufficiency, and (d) the careful nanen: 
eye search, post-mortem, for any accessory adrenal tissue. | 


Deaths during hypothalamic stimulation 


Six rabbit died during, and two shortly after, prolonged or repeated periods 
of hypothalamic stimulation (Text-fig. 9). Such an occurrence had not been 
observed in previous studies in which prolonged periods of stimulation (up 
to 1 week) had been used (G. W. Harris, unpublished). Six of the above animals . 
were adrenalectomized: one had the left adrenal removed and one had both 


adrenals intact but was being given 60 yg thyroxine per day. Seven out of these 
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eight rabbits had shown thyroid acceleration following stimulation. One 
additional (adrenalectomized) rabbit was found dead 45 hr after a subcutaneous 
injection of TSH (2 mg equivalent of U.S.P. standard). 


Stim Stim 


100 


Thyroidal 1311 (% of initial count) 


i L 3 
0 60 120 180 
Time (hr) 


Text-fig. 9. Rabbit 1074, Both adrenals and ovaries removed. Two periods of stimulation, 
37 br and 36 hr, resulted in thyroid excitation and death of this animal. 


The mechanism of the change in response after adrenalectomy 

Since thirteen rabbits showed a reversal of thyroid response to hypothala- 
mic stimulation after adrenalectomy, it became of interest to see whether this 
effect of adrenal removal was due to loss of the adrenal medulla or cortex. 
Two procedures were used in trying to answer this question. 

Adrenal medullary denervation. At the time of removal of the right adrenal 
gland the left adrenal was denervated by removal of the splanchnic nerves 
and upper lumbar sympathetic chain on both sides. Six experiments on these 


_ three animals showed thyroidal inhibition in four cases and no effect on 


thyroid activity in two. The left adrenal glands were then removed and the 
experiments repeated during maintenance with cortisone. Three experiments 
on two of these rabbits failed to show thyroid excitation. One experiment on 
the third animal showed that stimulation now evoked acceleration of thyroid 
function. This animal died in a state of adrenal insufficiency before the ex- 


periment could be repeated. 


Adrenal cortical ‘blockade’. Since administration of large doses of exogenous 
cortisone is known to inhibit the pituitary release of ACTH and to result in 
adrenal cortical atrophy, it was decided to stimulate the hypothalamus in 
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rabbits with an intact adrenal gland following the administration of large 
doses of cortisone. The doses of cortisone varied in the different animals from 
3-75 to 30-0 mg/day. These were administered during the course of a release 
curve for several days until the slope of the curve showed marked flattening, 
that is, until the function of the thyroid gland had been markedly reduced. 
Stimulation was then performed as usual during the continued administration 
of cortisone. Seven rabbits, that had previously been observed to show either 
thyroidal inhibition or no change in thyroid function during stimulation, were 
submitted to the above procedure. In four animals a clear-cut acceleration of 
thyroid activity was seen during the period of stimulation (Text-fig. 10), 


Stim | Stim Stim 


8 


Thyroidal 1311 (% of initial count) 
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—6—0 50 100 150 200 250 300 350 
Time (hr) 
Text-fig. 10. Rabbit 1106. This release curve shows the effect of hypothal timulation before 
and during the administration of large daily doses (10 mg) of cortisone. Note (i) the re- 
duced rate of release of thyroidal "I whilst under cortisone administration (compare slopes 
at a, b, and c); and (ii) the reversal by cortisone of the effect produced by hypothalamic 
stimulation. 


whereas in the other three no change in activity occurred. It is noteworthy 
that these rabbits showed similar results in later experiments when studied 
after complete adrenalectomy. | 


Effect of thyroid transplantation 

One adrenalectomized rabbit, that had shown thyroidal acceleration during 
stimulation, had the thyroid gland transplanted to the superficial surface of 
_ the infrahyoid muscles. Twenty days later a dose of 30 vc I was adminis- 
tered. The 48 hr uptake of "1 was found to be only 4% of the amount accumu- 
lated before transplantation of the thyroid. Stimulation of the hypothalamus 
(see Pl. 4, fig. 12) during the course of the release curve showed that the rate 
of release of radioactivity from the transplanted gland was increased in a 
similar measure to that observed before transplantation. At the completion 
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of the experiment the animal was killed and the radioactivity in the neck 
measured after removing the muscles bearing the transplant. No — 
activity was present. | 


Stimulation and release of gonadotrophic hormone. 


At post-mortem examination of the forty-three animals involved in the 
present investigation, a number of them were found to have corpora lutea of 
various ages in their ovaries. Although the animals were kept isolated during 
the several months of the experiment, some of them must be eliminated from 
the series in appraising the significance of the ovulation that had occurred. 
(i) Five had the ovaries removed before any hypothalamic stimulation was 
applied ; (ii) one animal was injected witha preparation of thyrotrophic hormone 
(possibly contaminated with gonadotrophic hormone) shortly before killing; 
(iii) four animals were killed too long after the last period of stimulation for 
any corpora lutea to persist in their ovaries; and (iv) in one animal the ovaries 
were atrophic. Out of the remaining thirty-two animals, twenty showed the 
presence of corpora lutea in the ovaries (five of these had two sets of corpora, 
an old atrophic set and a fresh set) and twelve showed ovaries containing ripe 
follicles but no corpora lutea. In the animals that ovulated the electrodes 
were found to be situated in all cases in some part of the anterior or middle 
tuber cinereum. In the animals that did not show corpora lutea, the electrodes 


_ were found in different regions of the tuber cinereum and in various areas of. 
the pituitary gland. The absence of ovulation in these latter rabbits cannot be 


held to be significant, since the animals were subjected to repeated experi- 
ments. It is possible that during the last experiment before death any par- 
ticular animal may have been pseudopregnant from the stimulation associated 
with a previous experiment, and ovulation would therefore have been 
suppressed. 
DISCUSSION 

The technique of remote control stimulation has been modified from that de- 
scribed previously (Harris, 1947; de Groot & Harris, 1950). In earlier studies 
the coil and electrode system was made as a solid unit and implanted under 
the scalp, whereas in the work described above the coil was buried under the 
skin over the lumbar region of the vertebral column and flexible insulated 
leads ran to electrodes fixed to the cranium. This method had been attempted 
on previous occasions (G. W. Harris, unpublished) but had failed from frac- 
ture of the leads or insulation in the cervical region. The success of the present 
units depended on the use of many-stranded tinsel wire insulated with two 
sheaths of polyvinylchloride. The advantages of the method may be sum- 
marized as follows. (1) It is possible to implant a larger coil under the skin 
of the back than under the scalp; this makes it easier to induce the required 
voltage, and so to economize on the electrical components of the primary 
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circuit. (2) The present method makes it as easy to implant bipolar as uni- 
polar electrodes; it also makes it possible to use X-ray control when implanting 
the electrodes, a procedure which greatly increases the accuracy of electrode 
placement. (3) The use of stainless steel screws and dental cement for fixing 
the electrodes to the bones of the skull has been found eminently satisfactory ; 
no movement of the electrodes has been detected in any of the forty-three 
animals used in the present series. (4) After obtaining any given response by 
stimulation, it would be a simple matter to anaesthetize the animal, extract a 
portion of one lead through a small incision, cut the lead, pass a direct current 
of a few milliamperes through the unit and thus produce a lesion around the 
tips of the electrodes, reunite and reinsulate the lead, and repeat the experi- 
ment; such a procedure would seem to offer a good internal control for experi- 
ments on any one animal. (5) Whilst the animals are being killed with Nem- 
butal the occasion is taken to extract the leads through a small incision in the 
skin of the neck and to record the voltages on an oscilloscope with the animal 
in similar positions in the field of the primary coil as were used in the previous 
experiment. In this way the voltages between the electrodes were measured 
for the individual rabbits. (6) After killing the animal, the leads are cut near 
the skull, and the coil and attached parts of the leads removed, cleaned, 
sterilized and used in further experiments. After formol fixation of the head, 
the dental cement is dissolved in chloroform and the electrodes and stainless 
steel screws are recovered for further use. Re | 
Rabbits with intact adrenal tissue respond to hypothalamic stimulation in 
the region of the supraopticohypophysial tract with an increase of thyroid 
activity. Many workers have reported that lesions in the hypothalamus may 
interfere with the normal secretion of TSH (Bogdanove & Halmi, 1953; — 
Bogdanove, Spirtos & Halmi, 1955; Greer & Erwin, 1956; Ganong et al. 1955; 
D’Angelo & Traum, 1956; Reichlin, 1957). Ganong et al. (1955) found that 
lesions in the anterior part of the median eminence reduced thyroid activity 
in dogs to the level seen in hypophysectomized animals. Greer (1951), in 
commenting on the region of the hypothalamus in which lesions result in 
reduced thyroid function, says: ‘The impression gained so far, however, is that 
the area is anterior to the ventro-median nucleus and lies along or near the 
ventral surface of the hypothalamus, possibly near the ventral extension of 
the supraopticohypophysial tract.’ The evidence derived from studies of lesions 
and stimulation are in good agreement. Both indicate that it is the anterior 
part of the median eminence that is involved in the control of TSH secretion 
and thyroid activity. Although stimulation in the region of the supraoptico- 
_ hypophysial tracts resulted in increased thyroidal secretion, it is not certain 
_ that this result can be ascribed to the supraopticohypophysial tracts them- 
selves. The microanatomy of the hypothalamus is highly complex and there is 
little knowledge of the detailed pathway of the multitude of unmyelinated 
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fibre tracts in this region. It is likely that other tracts run closely associated 
with the supraopticohypophysial tract, and this probability should be taken 
into account before associating the present results with any particular nervous 
pathway. In the twelve rabbits in which both thyroidal and antidiuretic 
responses were studied, the association between the two responses in the dif- 
ferent animals was suggestive but not entirely uniform. In one case, in which 
a marked antidiuretic response but no increase in thyroid activity followed 
stimulation, the electrodes were found to be situated in the pars distalis in a 
position to stimulate the nerve fibres of the infundibular stem but not those of 
the median eminence. The data from this animal then cannot be related to 
the question of which nerve tracts of the hypothalamus are concerned with 
the regulation of TSH secretion. One other rabbit, however, showed a thy- 
roidal response to stimulation but no antidiuretic response. In this case the 
electrodes were situated in the anterior tuber cinereum, slightly posterior to 
the supraopticohypophysial tract (Pl. 4, fig. 11). Since an antidiuretic re- 
sponse forms a very sensitive test of electrical stimulation of the supraoptico- 
hypophysial tract, this evidence suggests that stimulation of the tract is not 
essential in evoking a thyroid response. On the other hand, the findings of 
Dubreuil & Martini (1956), that the uptake of radioactive iodine by the thyroid 
gland of male rats is increased by previous administration of vasopressin, is 
compatible with the view that the supraopticohypophysial tract. regulates 
pituitary secretion of TSH by releasing a rr substance into the 
hypophysial portal vessels. 

The evidence that hypothalamic stimulation causes increased thyroid 
activity through the agency of thyrotrophic hormone may be summarized. 
First, hypothalamic stimulation is effective in exciting the activity of the 
transplanted thyroid as well as of the normal gland: the effect is thus humor- 
ally mediated. Secondly, the effect of hypothalamic stimulation on thyroid 
activity may be closely simulated by injection of appropriate doses of TSH 
(see Text-fig. 8). And thirdly, it may be recalled that von Euler & Holmgren 
(19565), and Brown-Grant el al. (1957) have shown, by different methods, that 
the central nervous system may influence thyroid activity through the media- 
tion of hypothalamo-hypophysial connexions. 

It has been suggested that the hypothalamus may be ‘mapped’, three- 
dimensionally, in terms of pituitary hormones (Harris, 1955). In such a map 
the control of TSH secretion would be localized in the anterior parts of the 
median eminence and tuber cinereum. It would seem inadvisable to term 
such an area a ‘centre’; it probably represents some neural mechanism akin 
to a ‘final common path’ by which the nervous system acting through this 
area and the pituitary stalk controls the secretion of TSH. This region of the 
hypothalamus then would give the maximum effects on TSH release when 
damaged or stimulated. It is likely, however, that many reflex paths from the 
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brain stem, hippocampus, amygdaloid nuclei, thalamus, cerebral cortex and 
other parts of the central nervous system play upon and influence this final 
common path. If this is so, then it is to be expected that a more detailed 
_ investigation will reveal further hypothalamic areas, through which pass such 
reflex paths, that may exert an influence on TSH discharge. It is of interest 
that the anterior part of the median eminence, concerned with thyroid activity, 
is adjacent to the anterior hypothalamic and preoptic region known to be 
concerned with the regulation of body temperature (Magoun, Harrison, 
Brobeck & Ranson, 1938; von Euler, 1952). 
_ Complete adrenalectomy, with maintenance on small and constant doses 
of cortisone, was performed in thirty-two out of the total of forty-three rabbits 
studied. The difference in the thyroid response seen after adrenalectomy, as 
compared with that in the same animal in experiments before adrenalectomy, 
may be summarized as follows: (a) Four animals that showed an increase in 
thyroid activity to stimulation before complete adrenalectomy, showed a 
greater increase after. (b) Thirteen animals that had shown inhibition, or no 
change of thyroid activity, previous to complete adrenalectomy, exhibited a 
clear-cut acceleration of thyroid function afterwards; the increased function 
of the thyroid was assessed by measurements of the release curve of thyroidal 
radio-iodine, and by measurements of the blood concentration of PB™I; the 
changes recorded by the two methods were in good agreement. (c) Twelve 
animals that previous to complete adrenalectomy had shown inhibition, or 
no change of thyroid activity, gave responses of the same two types after- 
wards but showed a significant decrease in the number of responses of the 
inhibitory type. 

The reason for the differences observed before and after adrenalectomy is 
not entirely clear. The most likely hypothesis is that some substance is liber- 
ated from the adrenal gland during hypothalamic stimulation which in turn 
inhibits either TSH secretion or the thyroid gland itself. It is known that 
electrical stimulation of certain areas of the hypothalamus evokes secretion 
- of adrenaline (Magoun, Ranson & Hetherington, 1937) and that adrenaline 
may inhibit thyroid activity in the rabbit, probably by a vasoconstrictor 
action on the vessels of the gland (Haigh, Reiss & Reiss, 1954; Brown-Grant 
et al. 19544; Brown-Grant & Gibson, 1956). However, itis unlikely that adrenal 
medullary secretion is the only factor involved in the present experiments 
since (a) the median eminence is not a particularly effective site for localized 
electrical stimulation to excite adrenaline secretion (Magoun et al. 1937), 
(b) the dose of adrenaline necessary to produce prolonged inhibition of the 
thyroid gland of the rabbit is high (Brown-Grant et al. 1954a), (c) in the case 
of one rabbit adrenal denervation did not have the same effect as adrenal 
removal, and (d) rabbits with an adrenal gland intact may show a reversal 
of the thyroid response to stimulation if under high cortisone administration. 
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It is likely that adrenal cortical secretion is the major factor involved, since: 
(i) hypothalamic stimulation is known to evoke release of ACTH (de Groot & 
Harris, 1950; Hume & Wittenstein, 1950; Hume, 1953; Porter, 1954); (i) the 
dose of adrenal steroids necessary to produce prolonged inhibition of the 
thyroid gland in the rabbit seems to be within the physiological range (Brown- 
Grant et al. 19546; Brown-Grant, 1956); and (iii) rabbits which possess an — 
intact adrenal gland may show a reversal of thyroid response, so that hypo- 
thalamic stimulation results in thyroidal acceleration, if given large doses of 
cortisone in an attempt to ‘blockade’ ACTH secretion. It is possible that the 


adrenal steroids affect thyroid activity by suppressing the secretion of TSH 


from the anterior pituitary, since cortisone was found not to influence the 
response of the thyroid gland of the hypophysectomized rabbit to meen, of 
exogenous TSH (Brown-Grant et al. 19545). 

Hypothalamic stimulation might evoke a rise of adrenal steroid concentrra- 
tion in the blood for a variety of reasons. First, stimulation of hypothalamic 
nerve fibres may excite release of anterior pituitary ACTH. Secondly, the 
slight noise and flickering of lights from the thyratron valves during stimula- 
tion may evoke some emotional disturbance and so some ACTH secretion; 
and thirdly, any rise in the blood level of thyroid hormone might in itself _ 
stimulate the pituitary-adrenal axis (Wallach & Reineke, 1949; Timiras & 
Woodbury, 1955). It is likely that the most important of these factors is the 
first, since the type of response both before and after adrenalectomy was 
related to the electrode position in the hypothalamus. 

Stimulation of the most anterior part of the tuber cinereum resulted in 
thyroidal acceleration both before. and after adrenalectomy, and similarly 
stimulation of the superior region of the hypothalamus or areas posterior to the 
median eminence failed to result in thyroidal acceleration either before or after 
complete adrenalectomy. In the intermediate zone between the above two 
areas, that is, in the region of the median eminence, stimulation after adrenal- 
ectomy in many rabbits evoked increased thyroid activity though stimula- 
tion before had given inhibition of, or no change in, thyroidal function. A 
possible explanation of this finding is that the median eminence is a zone where 
the ACTH and TSH ‘fields’ of the hypothalamus overlap. De Groot & Harris 
(1950) have shown in rabbits that stimulation of the more posterior parts of 
the tuber cinereum and mammillary region excites secretion of ACTH, whilst 
in the present study stimulation of the anterior area of the tuber cinereum 
excited TSH release. Since the evidence is strongly in favour of the view that 
both neural mechanisms act on the anterior pituitary through the pituitary 
stalk, it seems likely that in the region of the median eminence there is overlap 
of the areas in which stimulation might evoke both ACTH and TSH release. 
In that case it is possible that stimulation at this site would act rapidly to 
raise the blood level of adrenal steroids, and that this might inhibit any TSH 
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secretion that would otherwise have been elicited. Such a view would at the 
moment fit the experimental findings. | 

A point of interest arising from the above results is that eight rabbits died 
during or shortly after hypothalamic stimulation. Six of these animals were 
adrenalectomized, and seven had shown thyroid acceleration following the 
start of stimulation. It is well known that thyrotrophic hormone or thyroid 
hormone should be administered with caution to patients suffering from 
_ Addison’s disease. It is possible that, in the present work, the thyroid accelera- 
tion resulting from hypothalamic stimulation was responsible for precipita- 
ting a state of acute adrenal insufficiency. 

The presence or absence of the ovaries was not related to the type of thyroid 
response following hypothalamic stimulation. Further, the occurrence of 
ovulation following stimulation could not be correlated with the thyroid 
responses. The incidental observation, that ovulation had occurred in a pro- 
portion of the rabbits following stimulation in the region of the median emi- 
nence, confirms the older observations of Harris (1937, 1948), Haterius & 
Derbyshire (1937) and Markee, Sawyer & Hollinshead (1946). 

Animals in which the stimulating tips of the electrodes were situated deeply 
in the pars distalis of the pituitary gland failed to show any sign of thyroidal 
activation on stimulation, either before or after complete adrenalectomy. 
This is again in conformity with previous results that electrical stimulation 
of the anterior pituitary gland, at a strength that does not produce spread of 
_ current to the hypothalamus, fails to excite release of gonadotrophic hormone 
(Markee et al. 1946; Harris, 1948), or adrenocorticotrophic hormone (de Groot 
& Harris, 1950). This suggests that the stimulus from the hypothalamus which 
evokes anterior pituitary secretion is not transmitted to the gland cells by | 
nerve fibres. Taken in conjunction with the findings of Brown-Grant e¢ al. 
(1957), who reported the loss of nervous reflex control of TSH release from the 
adenohypophysis after pituitary stalk section, but the return of such control 
if regeneration of the hypophysial portal vessels occurred, the evidence would 
suggest that hypothalamic regulation of TSH discharge occurs through the 
mediation of the hypophysial portal vessels. shag 

In a preliminary report of this work (Harris & Woods, 19565), the possible 
relationships between the present findings and the aetiological factors in- 
volved in Graves’s disease have been discussed in some detail. The two factors 
that have been described many times as of importance in the development of 
exophthalmic goitre, emotional trauma and adrenal cortical deficiency, may 
be compared with the electrical stimulation of the central nervous system 
and the bilateral adrenalectomy utilized in the present experiments. Such a 
comparison might imply that the onset of Graves’s disease is associated with an 
increase in the blood concentration of TSH. This has been reported by severa 
groups of workers (Querido & Lameyer, 1956; Gilliland & Strudwick, 1956). 
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The results of McCullagh, Clamen & Gardner (1957) are directly related 
to the hypothesis that central nervous factors and some degree of adrenal 
cortical insufficiency are connected with Graves’s disease. These workers found 
that the exophthalmos and other features of hyperthyroidism improve or 
completely disappear on treatment by (a) administration of ACTH and 
hydrocortisone or (b) operative section of the pituitary stalk. Also pertinent 
is the observation of Purves (1957) that patients in whom a raised blood con- 
centration of TSH has been demonstrated possess also a raised plasma pro- 
tein-bound iodine, and that the simultaneous increase in TSH and thyroid 
hormone in the blood is strong evidence that some pathological condition ex- 
ists in ‘feed-back mechanism’, probably at a or pituitary 
level. 
SUMMARY 

1, Various areas in the hypothalamus and pituitary gland have been 
electrically stimulated for periods of 24-72 hr, using a remote control method, 
in forty-three conscious rabbits. The effect of such stimulation on thyroid 
activity has been assessed by measuring the rate of release of ™I-labelled 
hormone from the gland and by studies of the blood concentration of PB™1. 

2. Stimulation in rabbits with intact adrenal tissue results in increased 
thyroid activity if the electrode tips are situated in the anterior part of the 
median eminence adjacent to the supraopticohypophysial tract. Stimulation 
of more posterior and superior areas of the hypothalamus, and different regions 
of the pituitary gland, did not elicit thyroid activation. That the supraoptico- 
hypophysial tract is the neural path involved in the thyroid response is not 
certain, since concurrent experiments in which both the thyroid and anti- 
diuretic responses were measured in twelve rabbits revealed a discrepancy in 
the responses in the case of one animal. 

3. Stimulation was repeated in thirty-two of the above heatpstbeia animals 
after complete adrenalectomy and maintenance with small daily doses of 
cortisone. In four cases in which thyroid activation had occurred before 
adrenalectomy, a greater thyroidal response was observed after adrenalec- 
tomy. In thirteen other animals in which no increased thyroid function was 
observed before adrenalectomy, constant and marked thyroidal activation in 
response to stimulation was observed after adrenalectomy. In these latter 
thirteen rabbits the electrode positions were found to be in the median emi- 
nence, but posterior to the supraopticohypophysial tract. 

4. The mechanism of the change in thyroidal response after complete 
adrenalectomy was investigated in animals subjected to adrenal denervation 
or to adrenal cortical ‘blockade’ with high doses of cortisone. The evidence 
indicates that it is removal of the adrenal cortex, rather than the adrenal 
medulla, which is effective in reversal of the thyroid response after adrenalec- 


tomy. Since stimulation of the hypothalamus is known to activate release of — 
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pituitary ACTH, and since adrenal corticoids have been shown to inhibit 
TSH secretion, it is suggested that the effect of adrenalectomy is to prevent a 
sudden rise of adrenal steroids in the blood simultaneous with the period of 
stimulation, 


5. In one animal a typical thyroid acceleration was observed in response to 


hypothalamic stimulation after the thyroid gland had been transplanted to 
the anterior surface of the infrahyoid muscles. 


6. Hight rabbits died during, or shortly after, prolonged or repeated 
periods of hypothalamic stimulation. An increase in thyroid hormone in the 
blood tends to a state of adrenal cortical insufficiency. 

7. It was observed incidentally that twenty rabbits had ovulated after 
periods of stimulation. In these cases the electrodes were situated in the an- 
terior or middle tuber cinereum. These observations confirm previous reports. 
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EXPLANATION OF PLATES 


PiaTE 1 


dorsal fascia, is on the right and the bipolar glass-insulated electrodes a with the 
carrier for insertion in the stereotaxic machine), are in the centre. 

Fig. 2. Lateral view of a rabbit, a few days after insertion of the unit. 

Fig. 3. Lateral radiograph of a rabbit’s skull showing the electrodes and the fixation screws. The 
mound of dental cement which anchors the electrodes to the screws is not apparent in an 
X-ray photograph. 

Fig. 4. Photograph of an oscilloscope tracing of the pulse developed in the implanted coil. The 
duration of the pulse is 1-4 msec, and the voltage varies with the position of the animal’s 
cage in the rack (depicted in Pl. 3). 


PLATE 2 
Figs. 5, 6. Anterior and lateral views of the stereotaxic machine used to implant the electrodes. 


PLaTE 3 
Fig. 7. Photograph of the stimulating circuit (on the right), the primary coil (left and below) 
and the rotating rack carrying four rabbit cages. The cages can be individually adjusted so 
that they lie at various heights above the primary coil. 


Piates 4 AND 5 
- Photomicrographs of horizontal sections through the hypothalamus or pituitary gland, and 
surrounding structures in different animals. The sections are 100 thick and are stained with 
haematoxylin and eosin or Weigert’s iron-haematoxylin. A, anterior wall of third ventricle; Z, site 
of uninsulated tip of electrode(s); JC, internal carotid artery; MB, mammillary body; NL, neural 
lobe of pituitary; O, oculomotor nerve; O07’, optic tract; PD, pars distalis; PJ, pars intermedia; 
V, third ventricle; Z7', zona tuberalis. 


PLATE 4 


Fig. 8. Rabbit 1138. Bipolar electrodes in anterior wall of median eminence; thyroid excitation 
before adrenalectomy ; response increased by adrenalectomy (see Text-fig. 8). 

Fig. 9. Rabbit 1127. Unipolar electrode in anterior wall of median eminence (section obliquely 
cut); thyroidal excitation before adrenalectomy (see Text-fig. 3). 

Fig. 10. Rabbit 1125. Unipolar electrode in anterior wall of median eminence; 7 excita- 
tion before adrenalectomy. Response increased by adrenalectomy. 

Fig. 11. Rabbit 1144. Bipolar electrodes in median eminence; thyroidal excitation only after 

adrenalectomy. 

Fig. 12, Rabbit 1102. Unipolar electrode i in lateral wall of median eminence; thyroidal excitation 
only after adrenalectomy. 

Fig. 13. Rabbit 1104. Unipolar electrode adjacent to wall of third ventricle; thyroidal excitation 

only after adrenalectomy. | 


> 
Bx 
a 
in 
wa 
vs 
a 
if 
a 
# 
Ag 
A 
J 
Be 
a 
by. 
3 


274 3 G. W. HARRIS AND J. W. WOODS 


PLaTE 5 

Fig. 14. Rabbit 1101. Unipolar electrode in mammillary body; no thyroidal activation by stimu- 
lation 

Fig. 15. Rabbit 1114, Unipolar electrode in pars distalis of pituitary gland; no thyroidal activa- 
tion by stimulation. 

Fig. 16. Rabbit 1077. Bipolar electrodes in the tuber cinereum, just posterior to the ventro- 
medial hypothalamic nuclei; no thyroidal activation by stimulation. 

Fig. 17. Rabbit 1165. Unipolar electrode in mid tuber cinereum; no thyroidal activation by 
stimulation. 

Fig. 18. Rabbit 1076. Bipolar electrodes in mid tuber cinereum; no thyroidal activation by 
stimulation (see Text-fig. 1). 

Fig. 19. Rabbit 1119. Bipolar electrodes in mid tuber cinereum. The position of one electrode is 
shown only by an indentation in the wall of the third ventricle; no thyroidal activation by 
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MERCAPTOMERIN AND WATER EXCHANGE 
IN CORTEX SLICES OF RAT KIDNEY 


By M. MAIZELS anp MARY REMINGTON 


From the Department of Clinical Pathology, University College Hospital, 
London, W.C.1 


(Received 13 March 1958) 


It is now well known that when the metabolism of tissues is depressed, the 
cells swell, and that their original volume tends to be restored if metabolism 
is re-established. It is also known that the concentration of base in the active 
cell is in excess of the external concentration, the excess decreasing when 
metabolism is inhibited. References to the rather extensive literature will be 
found in papers by Robinson (1950, 1952), Whittam & Davies (1953) and Leaf 
(1956). These findings have evoked two divergent views. Thus Opie (1949), 
Whittam & Davies (1953) and Robinson (1956) postulate the existence of a 
water pump, whose action in the metabolizing cell is such as to maintain the 
concentration and osmotic pressure of the cell constituents above that of the 
_ external medium. Hence, when cell metabolism fails, the pump ceases to work, 
the cell swells and the concentration of base in cell water falls. An alternative 
view is advanced by Mudge (1951), Conway (Conway & McCormack, 1953; 
Conway & Geoghagen, 1955), Leaf (1956), and Maizels, Remington & Truscoe 
(1958), who hold that changes in cell volume are always accompanied by 
_ appropriate shifts of cation and anion. This second view gains strong support 
from the eryoscopic observations of Conway & McCormack (1953) which show 
that the osmolarity of the cells of fresh tissues is not in fact greater than that 
of the tissue fluids, but about the same. The distinction is an important one, 
and it is clear that the ‘water-pump’ theory would be strengthened if it could 
be shown that cells can transfer water without a corresponding movement of 
salts. Robinson (1956) attempts to demonstrate this in the following way: 
tissue slices are incubated in media whose constituents are unable to penetrate 
cells; if in the presence of a suitable inhibitor the cells still swell, it may be ~ 
presumed that this is due to failure of the water pump. Robinson chose 
mercaptomerin as his inhibitor, and choline and sulphate as constituents of 
his media. He assumed that these were unable to penetrate renal cortex, and 
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the validity of his conclusions rests entirely on the correctness of these 
assumptions, It is the purpose of the present paper to show that 1 in fact 
choline and sulphate do penetrate renal cells. 


METHODS 
Kidney cortex slices were treated as described by Robinson (1956) except for minor differences: 
(a) adult albino rate of about 450 g were used; (6) as the temperature of the laboratory was rather 
high, slices were cut and collected in glucose-free NaCl solution at. about 10° C.before transference 
to appropriate media; (c) the temperature of incubation was 37 not 38° C. The composition of the 
media is as in Robinson’s paper, and the relevant data are shown in Table 1. 

When slicing the cortex, the outermost slices were rejected as suggested by Whittam & Davies 
(1953), who showed that the outer slices of cortex contained less Na and more K than the inner, 
though the values of Na +K_ were similar in either situation. The thickness of slices was about 
0-25 mm, six slices weighing about 100 mg. These seemed to suffer attrition ne = oe 

water-bath, the ultimate weight of slices recovered being about 60 mg. 


TaBLE 1. Composition of media (after Robinson, 1956) _ 
Choline chloride Sodium sulphate 
medium 


medium 
-(m-equiv/L.) 

Sodium 15 . 190 
Potassium 5 6 
Magnesium | 
Chloride 140 0 
Choline 130 0 
Sulphate 2 183 

15 15 
Nitrate 0 5. 
—— point of glucose- ~ 0-485 — 0-435 


medium 
(° C, Robinson’s data) 
Glucose (5-6 m-mole/l.) was added to all media before incubation). 
* pH of the media was about 7-4. (If precipitation occurred, the atin was filtered.) 


Water, Na and K content. 30-50 mg slices were weighed to 0-1 mg in platinum crucibles, dried 
during the night at 105°C and weighed again to obtain the water content. They were then ashed 
at 600° C after adding 0-1 ml. H,SO, (2%, v/v), the residue dissolved in 0-01 n-HCl and the Na 
and K contents measured with a flame photometer. The s.n. for water contents measured in 
duplicate was + 0-39 % corresponding to + 10 ml. water/kg dry wt. for 105 tive tions 

When estimating Na and K in duplicate or triplicate, the values of Na seldom differed by more 
_ than + 20 m-equiv/kg dry wt., whereas differerices in K were less. It is probable that part of these 
variations represents real differences in the composition of slices from different parts of the renal 
cortex, because the variations of Na and K were often in opposite directioné, so that the sums of 
Na+K from the various samples were approximately constant (cf. Whittam & Davies, 1953). 
It follows that variations in Na +K did not necessarily involve the sum of errors of Na and K. 
The 8.8. for 76 sets of duplicate or triplicate observations were as follows: Na+ 11-2, K+ 6:8, 
and Na+K 11-0 m-equiv/kg dry wt,, irrespective of the total amounts of Na, K or Na + K present. 

Sulphate was estimated by the method of Letenoff & Reinhold (1936) after the macerated slices 
had been extracted for 1 hr in water and then during the night after the addition of the uranium 
acetate reagent. For slices of about 40 mg, s.z. was +3-5%. 

Choline was estimated by an adaptation of the potassium method of King, Haslewood, Delory 
& Beall (1942): this involves the precipitation of potassium cobaltinitrite, the cobalt then giving 
a green colour on the addition of choline chloride and Na ferrocyanide. In the present experiments 
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excess of cobalt nitrate and Na ferrocyanide were added to solutions containing unknown amounts 
of choline, and the colour developed was compared with choline standards. 

Kidney slices were blotted, after immersion in the choline medium, weighed (about 50 mg), 
placed in a small test-tube containing 2-4 ml. water and shaken several times with a few tiny glass 
beads. After an hour 0-3 ml. Na tungstate (10%, w/v) and 0-3 ml. 2/3 w-H,SO, were added to 
precipitate the proteins. Owing to the fact that there is a small loss of choline on precipitation, 
‘kidney-slice standards’ were prepared as follows: 2-4, 1-8, 1-2, 0-6 and 0 ml. choline chloride 
solution (5 m-mole/l.) were placed in separate tubes and all made up to 2-4 ml. with water. About 
50 mg untreated kidney slices were added to each and then the Na tungstate and sulphuric acid 
reagents. Unknowns and standards were filtered and 0-5 ml. filtrate added to 7 ml. cobalt. nitrate 
solution (0-1%, w/v). 0-3 ml. Na ferrocyanide (2%, w/v) was then added, and the contents of the 
tube mixed immediately. The green colour which developed was then read in a photo-electric 
colorimeter at 605 my. It may be noted that when the colour of the simple standard was compared 
with the corresponding ‘slice standard’, there appeared to be about 12% loss in the weakest 
standard and about 2% in the strongest. The standard curve was approximately linear and 


estimations in triplicate agreed within + 3%. The method is unsuitable for red cells or for other 
material with a high of soluble 


RESULTS 
Penetration of choline into slices of renal cortex 

Choline penetrates slices of renal cortex readily. When these are immersed in 

the choline chloride medium (Table 1), the concentration of choline in the 

water of the slice after dipping in the medium and immediate withdrawal being 
about 20% of the external concentration; after 10 min at 37° C it is about 55% 

and after 60 min it is about 75 or 80% of the external concentration. Table 2 

shows the choline contents and the approximate concentrations in tissue water 
obtained by dividing the contents by 0:8. Entry of choline is effected in 

exchange for cell Na and K, loss of Na exceeding loss of K, presumably because 

loss of Na is facilitated and loss of K hindered by their respective mechanisms 

for active transport. In order to gain some idea of how much choline is actually 

intracellular, it is necessary to assign a value to the extracellular space, and 

a figure of 25° has been chosen, which is in rough agreement with the data of 
Robinson (1950), Conway & Geoghagen (1955) and Whittam (1956). On this 

basis it may be calculated that the true intracellular concentration of choline 

is abans two thirds of the external concentration after 1 hr at 37° C. 


TaBLe 2. Penetration of choline into slices of the renal cortex of the rat 
incubated at 37° C in a choline chloride medium* 


Choline 

Time (m-mole/ Na (m-equiv/ K (m-equiv/ Water % 
Expt. (min) kg wet wt.) kg wet wt.) kg wet wt.) (w/w) 
1 


‘0’ 22 57 48 

60 78 19 33 — 

2 20 68 42 
54 

82 11 32 76 


* For oiiabliblbis of medium see Table 1. Note 76% water (w/w) corresponds to 3160 g/kg 
18-2 
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It follows that the assumption that choline does not penetrate the cells of 
the renal cortex is inadmissible; but Robinson’s conclusions based on his 
choline sulphate and sodium sulphate experiments might still be valid, if it 
could be shown that sulphate does not penetrate the cortical cells. 


Penetration of sulphate into slices of renal cortex 

Slices of cortex from the kidney of the rat were immersed in the sodium 
sulphate medium (Table 1) at 37° C. for varying periods up to | hr. Parallel 
observations were made using media without and with mercaptomerin. Table 3 
shows the sulphate in m-equiv/kg tissue and also the concentration in m-equiv/ 
kg cell water. For the present purposes, however, it is necessary to have a 
measure of absolute changes, that is, a measure of the amount of a substance 
moving in or out of a cell. Hence, in Table 3 sulphate (and water) are also 
expressed in relation to the dry weight of the tissue: this is the procedure 


TaBLE 3. Penetration of sulphate into slices of renal cortex of the rat 
incubated at 37° C in a sodium sulphate medium* | 
Mercaptomerin Sulphate Sulphate 
ded Water (m-equiv/kg Sulphate (m-equiv/kg 


iv 
Ti -mol it wt. (m-equi wt. 


0 3000 71 
: 15 1 2960 71 95 282 
60 0 3060 87 115 353 
60 1 4350 104. 128 555 
2 0 0 3450 28 36 (194 
10 0 3450 65 84 989 
60 0 3370 73 94 319 
60 1 4130 98 122 503 
3 0 0 3700 23 29 108 
60 0 3350 14 96 322 
60 1 4320 104 128 554 


* For composition of medium see Table 1. 


followed by Leaf (1956), and is based on the obvious fact that the number of 
cells in a tissue is proportional to their dry weight, irrespective of the hydration 
of the cells. This procedure has also been followed in a subsequent paper. 
Table 3 shows that slices of renal cortex, even in mercaptomerin-free media, 
gain sulphate at first rapidly and later at a slower rate. Thus after dipping and 
immediate withdrawal (‘0’ min) the sulphate concentration is already about 
30% of the 1 hr value, and at about 15 min it is approximately 80% of the 
lhr figure. At 60 min the sulphate content of the actual cells is about 
45 m-equiv/kg, and the true intracellular concentration about 65 m-equiv/kg 
water. In the presence of mercaptomerin the true content is about 75 m- 
equiv/kg cells and the true concentration about 100 m-equiv/kg cell water. 
Mercaptomerin also causes an increase in the amount of sulphate per cell, the 
excess over that gained by mercaptomerin-free preparations in 1 hr corres- 
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ponding to between 100 and 250 m-equiv/kg dry weight; some examples are 
shown in Table 3. It is probable that increase in the rate of entry of sulphate 
in the presence of mercaptomerin i is associated with increased entry of base 
(Table 4), since the latter is also evident when mercaptomerin is added to 
cortex slices incubated in sodium chloride media. 


Effects of mercaptomerin on the Na, K and water content 
of renal cortex slices incubated in sulphate-rich media — 


In order to obtain as many observations as possible from the kidneys of 
a single rat, large animals were used and individual observations made on 
30-50 mg tissue: for observations made in duplicate or triplicate this corres- 
ponds to between 6 and 10 slices of original tissue (i.e. before rocking). Owing 
to the small amount of tissue used, variations in replicates are somewhat large, 
but to some extent this is due to real differences in the composition of slices 
_ (see Methods). In these circumstances the term ‘standard variation’ might be 
more applicable than ‘standard error’, but for convenience the latter term is 
retained. The extent of this error, which seemed to be largely independent of 
the total amounts of Na, K or Na+K present, is discussed in the section. on 
Methods, 

When cortex slices are removed from the simple NaCl solution in which they 
have been leached at about 10—-12° C, the concentration of Na+ K _ in tissue 
water is 1-8 times the external concentration (s.p. + 0-031 for 30 observations). 
On transferring the slices to the sulphate medium, the external concentration 
is raised from 150 to 190 m-equiv/l., and when the slices are removed imme- 
diately from this medium, R or the Na+K concentration ratio (tissue water: 
medium water) is only 0-9, the ratio increasing to about 1-08 after 60 min; 
three out of six experiments are shown in Table 4. It may be presumed that sub- 
stitution of sulphate in the external medium for the more rapidly penetrating 
chloride will transpose the asymmetry at ‘0’ min, R then being less than 1; 
thereafter the asymmetry tends once more to be reversed as sulphate pene- 
trates the cells, and R progressively rises above unity, reaching its highest 
observed value at 60 min. 

If the Na+K values in se cgubiiie dry weight are compared after incu- . 
bation at ‘0’ and 60 min in the mercaptomerin-free sulphate medium, it will 
be seen that there is a fall (Table 4), cell water decreasing at the same time.. 
‘This arises because although both Na and K move against their respective 
concentration gradients, absolute loss of Na exceeds absolute gain of K. 
Inthe presence of mercaptomerin, gain of Na after 60 min at 37° C exceeds 
loss of K and there is an absolute gain of Na+K and water. It must be 
presumed that entry of base is accompanied by entry of sulphate. Table 3 
supports this, though in only one experiment were observations actually made 
in parallel; here sulphate and base gained by slices containing mercaptomerin 
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respectively exceeded the corresponding gains in unpoisoned media by: 236 + 20 
and 220 + 16 m-equiv/kg. 

_ With regard to individual changes in Na and K, these are best seen when 
observations are made at 0 and 60 min and at some intermediate time. Experi- 
ments such as No. 3 (Table 4) suggest that the apparent effect of mercaptomerin 
on Na and K is rather slight for the first 20 min or so of incubation, Na and K 
moving against their concentration gradients. But at some time between 20 
and 60 min, Na increases markedly while K is rather little affected, though the 
influence of mercaptomerin on K transfer is shown by the fact that at 20 and 

60 min the content is less than in the unpoisoned control. 


TABLE 4. Na, K and water contents of slices of renal cortex incubated at 37° C 
in sulphate-rich media* with and without mercaptomerin 


Tissue cation 


Mercaptomerin Water (m-equiv/kg dry wt.) 
(m-mole/l1. Time (g/kg A 
. Expt. medium) (min) dry wt.) R Na K Na+K 
la 0 4040 
bt 60 3370 «6102 4 288 
ct 1 60 4050 104 574 £259 #833 
2a 0 0 3940 «420-88 
b 0 60 3290 105 448 #+%(.280 678 
0-125 60 106 553 213 766 
0-25 60 3710 +108 $=$393 784 
e 60 108 661 #191 8652 
f 1 60 4380 1:12 793 167 960 
3a 0 0 3800 O91 508 168 676 
0 20 3160 104 427 216 643 
c 1 20 3100 104 448 #192 640 
dt 0 60 3100 
et l 60 3800 110 635 180 815 


* For composition of medium see Table 1. 
_R=ratio of the concentrations of Na + K in the water of tissue and medium. 
_ + =observations in triplicate; others in duplicate. Each single observation requires about three 
slices. The means of the extreme values of replicates are shown. 
The standard errors (76 sets of duplicate or triplicate observations) are as follows: water 
- +10 mL/kg dry weight; Na + 11-2, K +6-3 and Na+K 11-0 m-equiv/kg dry weight, irrespective 
of the total amounts of Na, K or Na +K present. 


DISCUSSION 


It is beans that tissues swell when their metabolism is inhibited, the volume 
tending to return to normal if metabolic activity is re-established. This is true 
of erythrocytes (Maizels, 1943, 1949), of brain slices (Stern, Eggleston, Hems — 
_ & Krebs, 1949), of kidney cortex slices (Mudge, 1951; Whittam & Davies, 
_ 1953), and of mouse ascites tumour cells (Maizels et al. 1958). When the cells 
swell, the amount of Na+ K per cell rises, but the concentration of Na+ K in 
cell water falls; when the cells shrink to their normal volume, Na+ K_ per cell 
falls while the concentration of Na + K rises. With actively metabolizing cortex 
slices in a NaCl medium, the ratio of Na+K in tissue water to the external 
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_ concentration of Na+K is about 1-27 (Maizels & Remington, 1958). If it be 
assumed that 25% of the tissue consists of intercellular space, then the true 

concentration ratio for the actual cells is about 1-4. The evidence in favour of 
such a high ratio being the direct result of cation transport, rather than the 
- result of an active device for moving (or pumping) water, without corres- 
_ sponding movements of anions and cations, is discussed by Leaf (1956) and 
~ need not be considered further here. | 
. It is, however, necessary to consider Robinson’s (1956) experiments in 
favour of a water pump. These show that tissue swelling is induced by 

_ mercaptomerin, even when incubation is conducted in media consisting 
_ mainly of choline chloride, sodium sulphate or choline sulphate. Robinson 
argues (on somewhat tenuous grounds) that it is likely that neither choline 
nor sulphate penetrates the cells of the renal cortex, and hence entry of 


- water pump by mercaptomerin. The arguments are not conclusive, and in 
_ the present paper it has been shown that in fact both sulphate and choline 
penetrate quite rapidly. It follows that Robinson’s experiments cannot be 
accepted as evidence in favour of a water pump. Indeed in our experiments, 
swelling of slices is accompanied by an appropriate increase of Na+K and of 
sulphate. It is of interest to note that according to Deyrup & Ussing (1954) 
kidney slices actively accumulate sulphate provided that the external medium 
is rich in K and poor in Na. The data (see their Fig. 3) suggest that without 
our sulphate medium the internal and external sulphate concentrations should 
not differ greatly. The present paper shows this to be the case. 

_ One other matter is worth of emphasis: both sulphate and choline penetrate 
cortex slices fairly rapidly. This is true also of lithium which at ‘0’ min is about 
15%, of the 1 hr figure when the temperature of the medium is 3° C, 25% at 
10°C and 30% at 37°C (Maizels & Remington, 1958). This initial gain is 
largely at the expense of tissue Na and not of K, and suggests the possibility 
that much of the lithium gained is localized at first in the tissue spaces. In any 
case, the findings suggest that washing slices to remove contaminants (e.g. 
radioactive tracers in an external medium) is unlikely to prove satisfactory. 


SUMMARY 


1. Choline and sulphate readily penetrate slices of renal cortex at 37° C. 
2. Swelling of slices in media containing mercaptomerin is not necessarily 
due to the inhibition of a device for pumping water from the cells, because 
increase in tissue water is accompanied by an appropriate increase in anion 
and cation. 
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THE EFFECTS OF MERCAPTOMERIN ON THE WATER AND 
CATION EXCHANGES IN SLICES OF RAT TISSUE 
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In a previous paper (Maizels & Remington, 1958) the penetration of sulphate 
into slices of kidney cortex incubated in a sulphate medium without and with 
mercaptomerin was considered. The nature of the Na and K changes in these 
experiments was obscured by the fact that slices were transferred from a 
leaching medium containing 150 mm-NaCl and no K, to an incubation medium 
containing (m-equiv/l.) Na 190, K 6 and sulphate 183. Hence, not only was 
the external base concentration altered at the start of incubation, but in 
addition sulphate slowly diffused into the tissue throughout the period of 
observation. For this reason a number of observations are recorded in the 
present investigation, where cortex slices were incubated and leached in 
simple chloride media, and changes in Na, K and water measured in the 
presence and absence of mercurial diuretics. Mudge (1951) and Kleinzeller & 
Cort (1957) have already investigated this problem, but their observations 
were made at 25° C. In the present work observations were made at 37° C, 
and it was found that the results varied somewhat with the temperature of 
incubation and with the mercurial diuretic used. It was not considered that 
the findings in vitro had any close bearing on the action of the mercurial 
diuretics in vivo. | | 

METHODS 


Cortex slices were leached in a simple NaCl medium, usually 150 mm, but sometimes, following 


Kleinzeller & Cort (1957), 154 mm. With the vessel containing the slices standing on a tray of ice 
the temperature of the medium was 8-10° C, whereas when immersed in ice-cold water the tem- 
perature was about 3° C, After leaching, slices were incubated in Robinson's (1956) NaCl medium 
containing (mm) NaOl 130, KCl 5, CaCl, 2-5, MgSO, 1, sodium phosphate at pH 7:4 8 and glucose 
5-6. Frequently 5 m-mole «-oxoglutarate was added per litre of medium, and though when this 


was omitted cation movements were less vigorous, they were still of considerable magnitude 


(Table 1). 

Methods and standard errors of Na, K and water estimations are the same as in the previous 
paper (Maizels & Remington, 1958). The lithium medium was prepared as follows: 2 g human 
serum albumin was dialysed against water and then made up to about 90 ml. with 155 mm LiCl. 
0-5 ml. 250 mm CaCl,, 0-5 ml. 100 mm MgCl, and 1 ml. 400 mu H,PO, were added and the pH 
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brought to 7:4 with a saturated solution of Li,CO,, the medium being shaken at 37° C to assist 


escape of CO,. Finally the volume was made up to 100 ml. with the LiCl solution. Phosphate in 
the LiCl medium was reduced to minimize the risk of precipitating lithium phosphate: albumin 
served the same purpose and also increased the buffering power of the medium. The latter con- 
tained about 160 m-equiv Li, a few m-equiv Na and about 1 m-equiv K/I., the amount of the two 
last constituents depending on the duration of dialysis of the albumin. 

After incubation in the LiCl medium, slices were dried and ashed, but owing to the insolubility 
of the lithium salts (presumably phosphate or pyrophosphate) the residue was extracted as follows: 
0-2 ml. H,SO, (5%, v/v) was added, the water driven off at 105° C, and the residual traces of acid 
containing the various salts in solution were appropriately diluted with water. Li was estimated 
with a flame photometer using a suitable light filter. The standard error was +9-9 m-equiv/kg dry 
wt for 24 duplicate or triplicate observations. 


RESULTS 
Effects of incubating slices of renal cortex in NaCl media 

Mercaptomerin. If cortex slices of rat kidney are leached for 15-30 min in 
cool NaCl medium, and then incubated at 37° C in a similar medium containing 
K and glucose but no mercaptomerin, loss of Na and gain of K occur against 
the concentration gradients, loss of Na exceeding gain of K with a consequent 
TasBie 1, Effects of mercurial diuretics, BAL and iodoacetate on the Na, K and water contents 

| of slices of renal cortex leached for 20-30 min in NaCl solution at 8° C, and then incubated 


in a nutrient medium (mm) NaCl 130, KCl 5, es MgSO, 1, ee 
pH 7-4 8, glucose 5-6 


Time Water Tissue cation 


| (min (g/kg | wt. 
Agent added (m-mole/I. at dry wt. r A . tissue/ 
Expt. medium) 37°C) tissue) Ma | Na+K hr) 
la None 0 3550 476 162 638 — 
b None 4 10 2680 261 252 513 
c Mercaptomerin 1 10 2720 269 248 517, oe 
d Esidrone 1 10 2970 361 189 550 — 
e None 2630 257 255 512 — 
f Mercaptomerin 1 60 4430 656 110 766 — 
Esidrone 0-25 60 3500 476 178 654 
Esidrone 0:5 . 60 4020 583 135 718 = 
Eeidrone 1 60 4250 627 738 
2a None 0 3260 430 160 590 — 
b None 60 2640 239 280 519 _ 
BAL 1 60 2710 260 262 522 — 
d Merca rin 0-25 60 3630 486 190 676 -— 
e BAL1+mercaptomerin 60 2920 305 253 558 — 
f Mercaptomerin 0-25 + 60 3260 390 229 619 — 
3a None 0 3460 466 154 620 — 
b None 60 3140 368 230 598 16-0 
c Mercaptomerin 1 60 4130 605 139 744 9-8 
ad Todoacetate 0-025 60 8340 477 143 620 9-1 
e Iodoacetate 0-04 60 3680 537 136 678 - 79 


5 m-mole «-oxoglutarate added to 1 1. medium in expts. 1 and 2. BAL + mercaptomerin = BAL 
added 3 min before mercaptomerin; mercaptomerin + BAL ~ mercaptomerin added 3 min before 
BAL. Additions were made during incubation only, not during the preliminary leaching. 

Standard errors: Na + 11-2; K+6-8 and Na +K+11-0 m-equiv/kg dry wt. — of the 
total 
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decrease in total base per cell and in cell water (Table 1 and Figs. 1 and 3a). 
It may be presumed that incubation has reversed the changes that have 
occurred during the preliminary leaching, the movements of cations against 
concentration gradients being ‘active’ and requiring energy (active cation 
transport). If mercaptomerin is added to the incubation medium to give a 


_ final concentration of Imm, loss of Na from the tissue remains almost un- 


affected for the first 10 min at 37° C, but after 15 or 20 min the content Na 
3500 


Water 


Water (g/kg dry wt.) 


——® Water 


2 


_ (m-equiv Na or K/kg dry wt.) 


Time of incubation at 37° C (min) 


Fig. 1. Water, Na and K contents of cortex slices leached in a mercaptomerin-free NaCl solution 
for 30 min and then incubated at 37° C in nutrient media without or with 1 mm mercapto- 
merin. @, no mercaptomerin; ©, mercaptomerin present. External concentrations, 
(m-equiv/l. medium): Na 150, K 5 (p. 289). 


though less than the ‘0 min’ value, is greater than that of the corresponding 
mercaptomerin-free control. After 60 min incubation with mercaptomerin 
the Na content has risen again and may exceed the initial value by 0-100 m- 
equiv/kg dry wt. It will be noted that even in those experiments where in the — 
presence of mercaptomerin gain of Na is marked, the absolute decrease in, 
K is relatively small (Table 1, Expt. 1 and Figs. 1 and 3a), the Na+ K changes 
averaging +81 +19 m-equiv/kg dry wt. in fourteen experiments. It follows 
that the swelling of cortex slices in the presence of mercaptomerin is largely 
determined by the increase in cell Na. 


With regard to the ratio of the concentrations of Na+K in the water of 
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tissues and medium (R), this may be expected to vary with the concentration 


of non-penetrating anion within the cells, and hence to vary inversely with the © 


amount of cell water. For the sake of simplicity R has been omitted from the 
table, but in ten experiments with parallel data available the results were 
analysed, each individual result itself being the mean of observations in 
duplicate or triplicate (corresponding to 6 or 9 slices). The findings were as 
follows: (a) Slices leached in NaCl media at about 10° C, mean water content 
3520 g/kg dry wt., R (mean and s.p.) 1-18 + 0-028; (b) slices leached and incu- 
bated for 1 hr in mercaptomerin-free nutrient media, mean water content 
2820 g/kg dry wt., R 1-27 + 0-029; (c) slices leached and incubated for 1 hr in 
a nutrient medium containing 1 mm mercaptomerin, mean water content 
3830 g/kg dry wt., R 1-23 +0-027. a and c show that although the water con- 
tent of the latter is higher, R in the case of c is also higher than in a. It is 
possible that raising the temperature to 37°C increases the ionization of 
non-penetrating anion within the cell. If so, this factor will also operate in the 
case of 6. In view of the fact that the water content of ¢ is about 30% greater 
than in 6, it is surprising that R in the former is only 0-04 less than in J, the 
unpoisoned preparation. This might arise if the concentration of fixed anion 
within the cells increased in the presence of mercaptomerin. Values for R in 


a and 6 are qualitatively similar to those of Whittam & Davies (1953). 


Esidrone (Ciba) is the sodium salt of pyridinedicarboxy-B-mercuri-w- 
hydroxypropylamidetheophylline. The changes in cortex slices leached in 
cool NaCl solutions for 20 min and then incubated in a nutrient medium 
containing Esidrone are shown in Table 1 (Expt. 1). After 10 min incubation 
the slices have lost water and Na and gained, K, though the changes are not 
as marked as they are on incubation with mercaptomerin or in the controls. 
After 1 hr at 37° C the slices incubated with Esidrone have swollen again, but 
now water, Na and K contents are all similar to the corresponding values for 
slices incubated for 1 hr with mercaptomerin. It will be seen later, however, 
that slices simply leached for 2} hr with Esidrone and not incubated swell 
much more than when similarly leached with mercaptomerin. 


The results of leaching kidney cortex slices at 3° C without and with 

mercurial diuretics, and the effects of subsequent incubation 
In previous experiments slices were leached in cool NaCl media free from 
mercurial diuretics and then incubated without or with these agents. In the 
present series slices were leached without or with mercaptomerin or Esidrone, 
and then incubated similarly in nutrient media. The experiments were under- 
taken in consequence of investigations carried out by Kleinzeller & Cort 
(1957), and differed from theirs in that rats were used instead of rabbits. 
Kleinzeller & Cort’s results on leaching with Esidrone were confirmed, but 

the findings with mercaptomerin differed from those with Esidrone. 
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_ Mercaptomerin. The water content of slices leached for 2} hr at 3° C in the 
presence of mercaptomerin is only slightly greater than that of slices leached 
in a simple buffered NaCl solution (Fig. 2). So too, on subsequent incubation 


for 10 min, the mercaptomerin-leached slices, whether in a simple nutrient — 


medium at 37° C or in one reinforced by a further addition of mercaptomerin, 
show as much shrinkage as slices leached and incubated in unpoisoned media, 
fall of Na and gain of K being comparable in all three. However, between 10 
and 60 min at 37°C the water and Na content of slices previously leached 
with mercaptomerin rises and K falls, the effects being marked when mercapto- 


- merin is present in both the leaching and the incubation media, and quite 


slight if the mercaptomerin is present only during leaching and not during 
incubation as well. The latter effect is shown in Fig. 2. 
Esidrone. Unlike mercaptomerin, Esidrone added to leaching media induces 


- considerable tissue swelling after 2} hr at 3°C (Fig. 2) and the effects of 


Esidrone are far greater than those elicited by much higher concentrations of 
mercaptomerin. In three experiments with unpoisoned media and with media 
containing 1 mM-mercaptomerin or Esidrone, water contents were (g/kg dry 
wt.): (a) 3760, 3840, 5040; (6) 3250, 3320, 4650; (c) 3470, 3500, 4720. In another 
experiment the water content of slices leached with 1 mm-mercaptomerin 
was 3800 g/kg dry wt. and with media containing respectively 1, 0-5 and 
0-25mm Esidrone, the values were 5340, 5190, 4080. 

When slices previously leached for 2} hr with Esidrone are incubated in an 
Ksidrone-free medium, shrinkage still occurs, but after 10 min at 37°C the 


water content is still much greater than in the controls leached and incubated 


in the absence of Esidrone (3830 compared with 2930—see Fig. 2). If, however, 
slices are leached and incubated with Esidrone, no decrease in water occurs 
after 10 min at 37° C, the respective figures being 5230 and 5250 g/kg dry wt., 
though Na falls slightly (from 897 to 821 m-equiv/kg dry wt. in one experi- 
ment) and K. shows a small absolute increase (from 22 to 79 m-equiv). 

After 60 min incubation it is found that as long as slices have been leached 


_ in media containing Esidrone, water and Na are high and K is low, whether 


Esidrone be present in the incubation medium or not (Fig. 2). As already 
noted this contrasts with the findings when cortex slices are briefly leached in 


_ Esidrone-free media and then incubated for 60 min with Esidrone, for in these 


circumstances, though shrinkage is inhibited, increase in water is only moder- 
ate and is not greater than with mercaptomerin (Table 1, Expt. 1). | 
It is clear that there are considerable differences between the effects of 
the various mercurial diuretics on cortex slices. After prolonged leaching in 
the cold, Kleinzeller & Cort (1957) have shown that Esidrone, mercury per- 
chloride and p-chloromercuribenzoate all cause cortex slices to swell, and this | 
is true also of mersalyl. Mercaptomerin, on the other hand, causes little 
swelling in the cold. Again when slices have been leached with Esidrone, 
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washed, and incubated in Esidrone-free media, restoration of normal composi- 
tion is incomplete while in the case of slices similarly treated with mercapto- 
merin little adverse effect is apparent (Fig. 2). On the other hand, both agents 


$ 800 4 
| 
400 
200 
0 Al 
Leached at3° Cin N NME NME NME 
NaCl medium with 
Duration of leaching (hr) 0 24 24 
Then incubated at 0 0 10 60 


37° C in media free 
of mercurials (min) 


Fig. 2. Water, We and K cobiteists of cortex thioes leached at 8° for 2} hr in NaC! solution con- 

_ taining either no mercurial or else 1 mm mercaptomerin or Esidrone (N, M or E above); 

samples then incubated in a nutrient medium containing no mercurial diuretic. The single 
column represents original untreated slices. m, Na; 8, K; (), water. 


prevent maintenance of normal tissue composition at 37°C. The findings 
suggest that both Esidrone and mercaptomerin combine strongly with cortex 
tissue at 37° C, but that at low poe raert the attachment of mercaptomerin 
is slight. 
Effects of incubating cortex slices in lithium chloride media without and 
with mercurial diuretics 
' These experiments were undertaken in an attempt to determine whether 


the mercurial diuretics act mainly by increasing the permeability of cortex . 
cells or by inhibiting active cation movements against the concentration - 
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gradients. The rationale is discussed later, but in the meantime the results of 
leaching cortex slices in NaCl media free from mercurial diuretics, and incuba- 
ting in a nutrient medium containing LiCl (165 m-equiv/l) without or with 
mercaptomerin may be considered. The findings in Fig. 3 are typical and may 
be summarized as follows: (1) If leached slices are dipped in LiCl solution and 
withdrawn immediately, there is already a considerable gain of Li, largely in 
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Fig. 3. The effects on the water and cation contents of cortex slices incubated in NaCl (a) and LiCl 
(6) nutrient media without mercaptomerin (N) and with mercaptomerin (M). Incubation 
preceded by leaching at 10°C for 30 min in mercaptomerin-free NaCl solution. Cation 
composition of nutrient media; NaCl medium, Na 150 and K 5 m-equiv/I.; LiCl medium, 
Li 165 m-equiv/l. @, Na; 6K; 0, Li; 1, water. Note: a and } are from separate experiments 
and are not entirely comparable. : 


exchange for tissue Na. It may be surmised that this rapid initial entry of 
Li is largely at the expense of Na in the extracellular space. When the tempera- 
ture of the LiCl medium is 4° 0, the gain at ‘0 min’ is about 15% of that gained 
in an hour at 87°C; at 12°C the gain is 25%, and at 37°C the immediate - 
gain is about 30%. (2) Between ‘0’ and 10 min the tissue shrinks because loss 


N 
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of Na+K exceeds gain of Li. This may arise because active efflux of Na 


exceeds active influx of K plus passive influx of Li, or because Na and K 
moving outwards with their concentration gradients move more rapidly than 
Li flowing inwards. These phenomena are also seen 10 min after incubation 
with mercaptomerin, though here tissue Na is a little higher in the un- 
poisoned systems, while K is about the same in both. (3) After 60 min 
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unpoisoned and poisoned slices have again swollen considerably, though the 
Na content of the former is still less than that of the latter, and the Na 
concentration in tissue water is also less than the external concentration, 
indicating that active transport still persists. In the case of poisoned slices, 
on the other hand, tissue Na concentration is slightly greater than the 
external concentration. The K concentration of slices is always greater than 
the external concentration. Thus in Fig. 3, the Na concentrations of slices 
incubated for 60 min in LiCl media without and with mercaptomerin were 
respectively 4-4 and 6:5 m-equiv/l. tissue water, while the external concen- 
tration was 6-2 m-equiv/l. (data not shown in figure); the corresponding con- 
centrations of tissue K were 6-8 and 5-7 m-equiv/l. tissue water with an 
external K concentration of 1-06 m-equiv. The persistence of a relatively high 
tissue K even in the presence of mercaptomerin suggests that tissue K is not 
completely exchangeable (cf. Whittam & Davies, 1954). 

It has also been shown that both in the absence and presence of mercapto- 
merin tissue slices have shrunk after 10 min in LiCl media at 37° C, and have 
swollen again after 60 min. There is rather more swelling with mercaptomerin 
than in unpoisoned systems, the excess corresponding on the average to 
204 g water/kg dry wt. (6 expts.). 


Effects of BAL on slices of renal cortex of rats incubated with mercaptomerin 
It is generally thought that the mercurial diuretics act on SH-groups, 
because their diuretic action is opposed by BAL. Thus Borghraef & Pitts 
(1956) found that the simultaneous injection of ‘five times a molar equivalent 
of 10% BAL in oil’ prevented the diuresis of Chlormerodrin in rats. These 
authors do not imply that such an excess is essential, and indeed Farah & 
Maresh (1948) had previously shown that 0-5 mole BAL/mole mersaly] 
sufficed to prevent diuresis in anaesthetized dogs. 

In the present experiments, with far higher concentrations of mercaptomerin 
and BAL than are used in vivo, it was necessary to consider possible effects 
of BAL itself. The following result is typical: leached slices contained 3480 g 
water/kg dry wt.; on incubating for 60 min at 37° C in media containing 4, 2, 
1 and 0 mm BAL, the respective water contents were 3550, 3050, 2810 and 
2870 g/kg dry wt. It was therefore thought undesirable to use BAL in con- 
centrations greater than about 1 m-mole/l. medium. 

Having ascertained a suitable concentration of BAL, the effect of BAL on 
- inhibition by mercaptomerin was examined. Leached slices were incubated for 
60 min with mercaptomerin, BAL being added either 3 min before or 3 min 
after mercaptomerin. In one experiment 0:25 mm mercaptomerin and | mm 
BAL were present in the medium (Table 1), and in another 0-35 mm mercapto- 
merin and 1:05 mm BAL. It was found that BAL added after mercaptomerin 
gave rather little protection against the inhibitory action of the poison, while 


a 
4 
= 
4 
ting 
x 
st 
& 
"Th 


-MEROURIAI, DIURETICS AND TISSUE SLICES 991 


BAL added just before gave partial but definite protection. It is perhaps 
surprising that though the inhibitory effects of mercaptomerin have not begun 
to be apparent within 10 min incubation (see Table 1, Expt. 1 and Figs. 1 and 
2), the previous addition of BAL affords only incomplete protection against 
ultimate inhibition by mercaptomerin. 

In view of these findings it was not expected that BAL added 60 min after 
incubation with mercaptomerin would lead to any restoration of function, and 
in fact no such restoration occurred. Slices were incubated for 60 min in a 
medium containing 0-25 mm mercaptomerin, and then leached and re-incu- 
bated in mercaptomerin-free nutrient media containing 1:05 mm BAL. Fall 
in Na and water and rise in K failed to occur, the findings corresponding to 
_ those with slices similarly treated with mercaptomerin alone. Unpoisoned 
slices, on the other hand, incubated, leached and re-incubated showed a 
_ typical fall in water and Na contents with rise of K. So too, slices incubated in 
medium containing 0-25mm mercaptomerin, and then leached and re- 
incubated in poison-free media containing 2 mm glutathione, failed to show 
any significant recovery. These results were disappointing because they showed 
that mercaptomerin, in an amount sufficient to produce definite alteration in 
the composition of cortex slices on incubation at 37° C, induced irreversible 
changes in the tissue. 

One other point is of interest. BAL affords some protection against the 
swelling induced in cortex slices when leached in the cold with Esidrone 
(without subsequent incubation). Thus unpoisoned controls leached in NaCl 
solution at 3° C had the following water contents (g/kg dry wt.) after ‘0’, 60 
and 150 min, respectively: 3180, 3220, and 3380; with 1 mm Esidrone the 
figures were 3180, 4030 and 4720, while after 150 min at 3°C with 1 mm 
Esidrone and 1 mm BAL the water content was 3740. 


Respiration and cation transfer by slices of renal cortex incubated in media 

without and with mercurial dvuretics | 

When in the following experiments mercurial diuretics were used, they were 
only present during incubation and not during the preliminary leaching. 

The respiration in the present series of experiments varied between 14 and 
171. 0,/kg dry wt./hr at 37° C. Robinson’s (1956) figures correspond to about 
20 1. at 38°C; a temperature coefficient of 3 per 10° C would largely account 
for this difference. In the presence of mercaptomerin (1 m-mole/l. medium) 
respiration was inhibited by about 30% at }-$hr, and by about 45% at 
i-1hr. The 0-}hr period was occupied by equilibration in the Warburg 
flasks, but it is likely that the inhibition during this time was less; if 80, this 
might account in part for the maintenance of a relatively normal distribution 
of cations during the earlier part of incubation. 


It was thought of interest to compare the effects of mercaptomerin on the 
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Na and K contents of slices with that of a second inhibitor, because Robinson 
(1956) had shown that when a comparable degree of inhibition is effected by 
cyanide, tissue swelling is less than with mercaptomerin, the respective water 
contents being about 3900 compared with 4700 g/kg dry wt. In the present 
experiments iodoacetate was preferred to cyanide, because the pH does not fall 
during incubation, though its use is limited to systems where glucose is the 
chief substrate and where «-oxoglutarate is absent. A typical experiment 
(Table 1, No. 3) shows that iodoacetate inhibits the respiration of cortex slices 
(presumably by its more selective action on glycolysis) and that cation transfer 
against concentration gradients is less active than in its absence. When the 
effects of iodoacetate and mercaptomerin are compared, it is seen that with 
similar inhibitions of respiration, differences in K contents (m-equiv/kg dry wt.) 
are small, but the Na content and hence the Na + K content and also the water 
content are much higher in the presence of mercaptomerin than with iodo- 
acetate. Thus it is probable that mercaptomerin has a twofold effect on cation 
movements, one due to an inhibitory action on respiration, and the other 
exerted on some other mechanism concerned with the movements of cations. 

Three other experiments were done with Esidrone, in which inhibition of 
respiration averaged 42% at 37°C. One observation with meralluride 
(U.8.P., another mercurial diuretic) gave 45% inhibition at 37°C. It was 
thought that the inhibitory action of all these substances was exerted against 
respiration rather than glycolysis, because when succinate without glucose 


was added to leached cortex slices, inhibition of respiration was not decreased, _ 


the results being 48% with Esidrone and 52% with mercaptomerin (1 mm). 


Comparison of the effects of mercaptomerin on slices of rat liver and kidney 

Fig. 4a shows that mercaptomerin has a definite inhibitory effect on the 
output of Na and uptake of K when leached liver slices are incubated, while 
Fig. 46 shows that even after 60 min incubation with mercaptomerin, when the 
Na content may be less than the initial value, it is still greater than 30 min 
incubation with mercaptomerin. The figure further shows that the shrinkage 
of tissue occurring between ‘0’ and 30 min at 37° C even in the presence of 
mercaptomerin is greater than the corresponding decrease in kidney slices. 
In six experiments with parallel observations decrease in liver water averaged 
— 600 g/kg dry wt. (3400-2800), whereas for kidney cortex the fall was 450 g/kg 
dry wt. (3800-3350). Between 30 and 60 min water in liver slices now increases, - 
the average for six experiments being 290 g/kg dry wt. (2800-3090), while the 
average increase for cortex slices was 720 (3350-4070). Thus the inhibitory 
effects of mercaptomerin on loss of water during incubation is definitely less 
in the case of liver slices than with cortex slices. 

With regard to cation changes, liver slices incubated with 1 mm-mercapto- 
merin usually lose more Na and Na+K/g dry wt. at 0-30 min than do kidney 
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slices, while between 30 and 60 min liver slices always gain much less Na and 
| Na+K (Fig. 46). For the whole 60 min period of incubation gain of Na and 
Na+K by liver slices is less than the gain by kidney slices, and in the case of 
the former Na and Na+ K may sometimes be less than the initial value even 
after incubation for 60 min with 1 mm mercaptomerin. Thus the effects of 
mercaptomerin on slices of renal cortex are more marked than they are on 
liver slices. | 
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Fig. 4. Water, Na and K contents of liver and kidney slices leached at 10° C for 30 min in mercapto- 
merin-free NaCl solution (first column of each group), and then incubated at 37°C in a 
NaCl nutrient medium without mercaptomerin (N) and with 1 mm mercaptomerin (M). 
Note mercaptomerin was present in both incubated samples of (5) and (c). Cation composition 
of medium: Na 150 and K 5 m-equiv/l. @,Na;8,K. 3 


DISCUSSION 
_ In this section the phrase ‘active cation transport’ is used to indicate cation 
movements against gradients of concentration (and potential). The slice, 
however, is considered as a whole, and individual variations in the amount and 
direction of transport in the several parts of the renal tubule are ignored. 
Since after leaching the Na concentration in the slice as a whole is still less 
than the external concentration, while the K concentration is greater, fall of 
Na and rise of K during incubation are regarded as evidence of active cation 
transport. Changes in the reverse direction are considered to be passive. 
When kidney slices are placed in cool glucose-free media, metabolism is 
depressed and cations move with the concentration gradients so ~~ Na, 
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Na+K and water rise, while K falls. On incubation with a similar medium 
containing 5 mm-K and 5-6 mm glucose these changes are reversed. In the 
presence of mercaptomerin there is a latent period of about 10 min, when 
Na and K continue to move against the concentration gradients. At this 
stage the tissue seems to be virtually unaffected by the poison and shrinks. 


Then between 10 and 60 min the tissue swells again with a marked rise in 


Na content and a relatively small fall in K content (Table 1 and Figs. 1, 2 and 
3a). It has been shown that the late swelling is associated with changes in the 
cell which cannot be reversed by BAL or glutathione. The delayed action of © 
mercaptomerin may be due to gradual combination with cell structures, or 
to the temporary availability of sources of energy which can be utilized in the 
presence of mercaptomerin, but which cannot be replaced (cf. mouse ascites 
tumour cells: Maizels, Remington & Truscoe, 1958). 

It has been noted that after 60 min incubation with mercaptomerin cortex 
slices swell, the gain of Na being considerable, while loss of K is relatively 
slight. These findings probably arise from the fact that while Na tends to enter 
the tissue cells and K to leave in accordance with the concentration gradients, 
entry of Na is assisted and escape of K hindered by the Donnan asymmetry 
resulting from the presence of non-penetrating anion within the cells. 


Causes of the cation changes induced in cortex slices by the mercurial diuretics 

Kleinzeller & Cort. (1957) have shown that when rabbit cortex slices are 
leached in cold NaCl solution containing Esidrone (also mercury perchloride 
or p-chloromercuribenzoate), increase in water and Na is much greater than 
on leaching in simple NaCl solution (see our Fig. 2). It is then argued that the 
increased swelling with Esidrone at 0° C must be due solely to permeability 
effects, since at this temperature metabolism and active cation movements 
(against concentration gradients) will be abolished. This conclusion, however, 


may well be incorrect, for in poison-free leaching media there is a very rapid 


initial increase in slice water of about 500 g/kg dry wt. (from 2700 to 3200) 
with a further increase of only about 200 g during the subsequent 23 hr at 3° C. 
So too, Whittam & Davies (1953) find that when kidney slices are placed in cold 
hypotonic media, swelling of the tissue and decrease in the sum of Na and K 
are complete in about 10 min. Since kidney slices are moderately permeable 
at low temperatures, it is difficult to see why the Donnan asymmetry does not 
determine continued swelling, unless this is counteracted in some degree by 
active movement, in which case part at least of the effects of Esidrone might 
be exerted against such active movements. Kleinzeller & Cort (1957) proceed 
to show that if cortex slices are leached in media containing “Na, gain of tracer 
is greater in the presence of Esidrone than in its absence, while on subsequent 
incubation at 25° C in media free from both tracer and Esidrone, the efflux 
of **Na is greater from those slices originally leached with Esidrone. These 
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authors suggest that the increased efflux from Esidrone-leached slices excludes 
any deleterious effect on active Na movements, and that therefore the effects 
of the mercurial diuretics must be exerted against passive movements. This 
view, however, involves oversimplification. Thus after leaching in a medium 
containing “Na and transfering to tracer-free medium, *Na escapes not only 
from the cells but also from the extracellular space. “Na concentration of the 
latter roughly equals that of the original leaching medium and exceeds that of 
the cells: the extracellular space also equilibrates more quickly with the tracer- 
free medium than will the cells. Further, in Kleinzeller & Cort’s communica- 
tion, as in the present paper, values are referred to dry weight, and although 
the extracellular space constitutes a fairly constant proportion of the wet 
weight of slices, whether the tissue be swollen or not (Robinson, 1950), 
extracellular fluid referred to dry weight of tissue will increase as the tissue 
swells. Hence in Esidrone-leached slices extracellular “Na (referred to dry 
weight) will be contributed in considerably greater amount than is the case 
with the less swollen controls, and this may lead to an apparent increase in 
efflux when this is calculated on the basis of dry weight. Kleinzeller & Cort’s 
data do not permit calculation of “Na efflux from the actual tissue cells, which 
may perhaps be no greater when Esidrone-leached slices are incubated than is 
the case with the unpoisoned control. In addition to this, the initial concen- 
tration of **Na (counts/l. tissue water) was about 30% higher in their 
Esidrone preparations, while the content of non-penetrating anion was less 
than in the controls. Both these factors will facilitate a higher Na efflux in the 
case of slices treated with Esidrone, and the higher observed efflux of “Na 
from the swollen slices so treated might, nevertheless, be associated with de- 
creased activity in the processes which energize Na transport. So far therefore, 
there is no evidence either in favour or against Kleinzeller & Cort’s views that the 


action of the mercurial diuretics is due to increasing permeability of the cortex — 


cells, though experiments to be discussed suggest that changes in cell permea- 
bility are probably a minor factor in the action of mercaptomerin on the 
composition of cortex slices. 

If slices are kept at 37° C for 60 min in a nutrient medium containing LiCl 


instead of NaCl, the composition of the slices is practically the same whether 


mercaptomerin be present or not. If it be accepted that Li movements are 
purely passive, this indicates that any action of mercaptomerin on passive 
penetration is quite subsidiary. In support of the assumption that Li move- 
ments are passive, it may be noted that the Li composition of slices in LiCl 
media at 10 min is 190 m-equiv/l. tissue water compared with an external 
concentration of 165 m-equiv/l., while at 60 min the tissue concentration has 
only risen by 2°, though water and Li/kg dry wt. have risen by about 30% 
(Fig. 3). This shows that the concentration of Li in the water entering the 
tissue between 10 and 60 min is roughly constant at a figure which is slightly 
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in excess of the external concentration, and suggests that the inflow is governed 
by the Donnan asymmetry. If then the inflow of Li is indeed passive and if 
also the main effect of mercaptomerin is to increase the passive fluxes of 
cations, then mercaptomerin added to LiCl media should increase the rate of 
penetration of Li into tissue slices, the additional swelling induced in LiCl 
media being of the same order as that seen with NaCl. If, however, one con- 


siders slices in NaCl and LiCl media without and with mercaptomerin, it is 


found that after 10 min loss of cation exceeds gain, and in all cases the slices 
shrink, the water content being between 2500 and 2900 g/kg dry wt. After a 
further 50 min slices in NaCl medium without mercaptomerin still maintain 
this water content, but in the other three samples (NaCl with mercaptomerin, 
and LiCl without and with mercaptomerin) the slices have all swollen, the 
water contents being between 3500 and 3700 g/kg dry wt. (Fig. 3). These 
findings are consistent with the view that the mercurial diuretics act mainly 
on active transport, for with active transport presumed to be absent in all 
three samples there is no reason why any additional specific inhibitory action 
by mercaptomerin should be manifest. On the other hand, the contrary view 
- that the mercurial diuretics act solely on permeability might explain the gain 
of water by slices in NaCl media containing mercaptomerin, but in the case of 


LiCl media, Li is common to unpoisoned and poisoned samples, and the — 


presence of mercaptomerin in the latter should still increase the rate of penetra- 
tion of Li and induce greater tissue swellings in this sample. In other words, 
the effect of mercaptomerin in LiCl media should be to some extent additive, 
and should be clearly evident, even though the water content of slices in 
LiCl media without mercaptomerin is relatively high when compared with the 
water content of slices in simple NaCl media. Experimentally it was found 
that the water contents of slices incubated for 60 min in NaCl media without 
and with mercaptomerin were about 2600 and 3600 g/kg dry wt., while the 
contents of slices similarly incubated in LiCl were 3650 and 3850 (mean of 
6 expts.) Hence the findings suggest that mercaptomerin slightly increases 
permeability, but exerts its main effects against the active movements of Na 
andK. 
Respiration and the mercurial diuretics : 

Robinson (1956) states that mercaptomerin depresses respiration, and in our 
experiments this inhibition amounted to about 40%; Esidrone and meral- 
luride have similar effects. Absence of inhibition of respiration by Esidrone 
(Kleinzeller & Cort, 1957) and by meralluride (Mudge, 1951) in rabbit cortex 
slices at 25° C may be due to a high temperature coefficient of inhibition. If 
the latter were about 3 between 27 and 37° 0, effects on respiration might well 
escape detection at 25° C. It has been shown that the inhibition of respiration 
is not the chief factor in the increase in water and Na and decrease in K of 
cortex slices treated with the mercurial diuretics. | ; 
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Action of mercaptomerin on liver slices 

Kleinzeller & Cort (1957) report that Esidrone is without effect on slices 
of rabbit liver. This may be due in part to the fact that their observations 
were made at 0° C. If rat liver slices are leached in the cold and then incubated 
with mercaptomerin at 37° C, loss of water and Na and gain of K are smaller 
than in the controls (Fig. 4). It may be noted that after the injection of chlor- 
merodrin (3-chloromercuri-2-methoxypropylurea) in rats, the mercury con- 
tent of the kidney im vivo may be more than 100 times greater than in the 
liver (Borghraef & Pitts, 1956). It. is likely, however, that the content of 
mercurial diuretic in liver slices in vitro not in competition with kidney for 
the diuretic agent may be comparatively high. Nevertheless, liver is less 
affected by the mercurial diuretics than cortex slices (Fig. 4), either because 
accumulation in the liver slice is less, or because of relative insusceptibility 
of the liver cells. 


Effective concentrations of the mercurial diuretics acting 
im vivo and in vitro 
It may be wondered what bearing observations on kidney cortex slices in 
vitro have on the action of the mercurial diuretics on the intact organ in vivo. 


_ Kleinzeller & Cort (1957), adapting the data of Borghraef & Pitts (1956), 


suggest that the human kidney after treatment with Esidrone is likely to 
contain about 5x 10-* moles of mercurial/l. tissue water, which is about 
one third of the amount usually present. in their media and a little in excess 
of the minimum amount of mercurial diuretic which must be present in a 
medium to elicit a response in vitro. They conclude that the Esidrone content 
of their slices is of the same order as that required to produce a clinical effect 
in vivo. This idea rests on a misconception, for Kleinzeller & Cort’s calculations 
merely show that the therapeutic concentration in the actual kidney tissue 
in vivo is similar to that in the external medium used in vitro. In fact, Borgh- 


raef & Pitts’ data show that in vivo, with an amount of chlormerodrin which 


corresponds to ten times the therapeutic dose, plasma chlormerodrin is 
2:2x 10-5 m, while the kidney content is 2-9 x 10-* mole/kg wet wt. Larger 
doses in vivo increase the plasma content, but decrease the kidney uptake and 
are definitely toxic. If, as seems likely, the medium in vitro may be compared 
to the plasma én vivo, then slices in vitro are exposed to 50 times the maximum 
amount of mercurial diuretic that can be tolerated in vivo, and to more than 
250 times the therapeutic plasma concentration. It is true that in vitro an 


- effect is clearly detectable after slices have been kept at 37°C for 1 hr in a 


medium containing 1:25 x 10-*m mercaptomerin, but 0-62 x 10-*mis ineffective 
though the latter is three times the maximum tolerated plasma content. How 


the tissue concentrations vary with the very high external concentrations used 
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in vitro is unknown, but they are probably a great deal higher than those found 
in vivo. It is worthy of note that effects both in vitro and in vivo may be 
elicited after a similar interval of time. Thus Fawaz & Fawaz (1954) have found 
that maximum diuresis occurs 2-3 hr after the intravenous injection of mer- 
salyl, but an effect is well marked within an hour. Thus so far as can be judged 
from the different types of effect elicited at 37° C, it appears that the action of 
the mercurials in vitro differs from the action in vivo in requiring much larger 
amounts of these agents, and in the firm combination of the mercurials with 
the tissue which persists even after washing or after treatment with BAL. For 
these reasons it is considered that findings in vitro have no bearing at all on 
the papoges action of the mercurial diuretics in vivo. 


SUMMARY 


1. Most of the mercurial diuretics cause slices of the renal cortex of rats to 
swell considerably on leaching at 3° C. In the case of Esidrone this property 
seems to be associated with the agent becoming firmly fixed to the tissue even 
at low temperatures. Mercaptomerin does not combine firmly in these circum- 
stances and causes little swelling in the cold, though it becomes firmly fixed to 
tissues at, 37° C, 

2. Slices leached in the cold without mercurial diuretics and then incubated 
with mercaptomerin respond like unpoisoned controls between ‘0’ and 10 min, 
fall in the contents of water and Na and rise in the content of K being similar. 
After 10 or 15 min there is a gradual increase in the contents of water and Na, 
with a fall in the content of K. Once these changes have occurred, they cannot 
be reversed by BAL. 

8. BAL added 3 min after the addition of mercaptomerin at 37° C gives 
partial protection against the action of mercaptomerin, and if it is added 
3 min before the poison protection is marked but is not complete. 


4, If leached slices are incubated in nutrient media containing LiCl instead 


of NaCl and KCl, swelling occurs which is almost as great in the absence of 
mercaptomerin as in its presence. If it be assumed that Li transfer is purely 


passive, it follows that mercaptomerin acts chiefly on petive cation transport 


and has little effect on passive transfer. 

5. The mercurial diuretics in a concentration of 1 m-mole/l. medium depress 
the respiration of cortex slices by about 40% at 37° C, but this is probably only 
a minor factor in the rise in the contents of tissue water and Na and fall in the 
content of K induced by the mercurial diuretics. 

6. The effects of mercaptomerin on liver slices is similar to that on renal 
cortex, but is much less marked. | 

7. The lowest concentration of mercurial diuretic which elicits a definite 
effect im vitro is many times greater than the maximum tolerated plasma 


~ 


2° 


td 


ys 
> 
> 
= 
ve 
Ke « 


MERCURIAL DIURETICS AND TISSUE SLICES 299 


concentration in rats im vivo, and it is doubtful if experiments with cortex 
slices in vitro have any relevance to diuretic action in vivo. 
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METABOLIC EFFECTS OF PROLONGED INTRAVENOUS 
ADMINISTRATION OF MAGNESIUM LACTATE 
TO THE NORMAL HUMAN 
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In short-term studies, lasting only a few hours, the infusion of either the 
sulphate, chloride or lactate of magnesium has been shown to result in a 
decreased excretion of potassium and an increased output of calcium in the 
urine of normal humans (Heller, Hammarsten & Stutzman, 1953; Womersley, 


1956). In respect of calcium these results confirm the earlier studies of Mendel 


& Benedict (1909) on animals, and of Schiff (1920) on infants, where the effects 
of the parenterally administered magnesium sulphate or chloride were observed. 


These effects are apparently attributable to the magnesium ion, since they are — 
independent of the accompanying anion (Womersley, 1956). The intravenous — 


administration of magnesium sulphate increases sodium excretion, but this 
effect is probably determined by the sulphate radical, since it does not occur 
with other magnesium salts (Womersley, 1956). 

The effects of oral administration of magnesium salts on the urinary excre- 
tion of calcium have shown less uniform results. Malcolm (1905) and Hart & 
_Steenbock (1913) demonstrated increases in calcium output in animal studies 
when either the sulphate or chloride of magnesium was given. Bogert & 
McKittrick (1922), in studies on women, found that 6 g of magnesium lactate 
daily by mouth increased calcium excretion slightly. However, other workers 
in studies on both humans or animals have either failed to demonstrate any 
increase in calcium output, or demonstrated definite decreases in calcium 
excretion when magnesium salts were fed to their subjects (Underhill, Honij & 
Bogert, 1920; Elmslie & Steenbock, 1929; Barbour & Winter, 1931; Carswell & 
Winter, 1931). | 

The studies reported here were carried out to determine the effects of the 
prolonged parenteral administration of magnesium lactate to the normal 
human. The urinary excretion of electrolyte was observed and net body 
_ balances or water and electrolytes were calculated. — 
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METHODS 


' Two studies were made on one normal subject. In each the daily diet consisted of 2-5 1. of milk, 


with 200 g of added glucose. Distilled water was allowed if desired. Urine was collected in 
24 hr portions, and in Study 2 was preserved under mineral oil and toluol in order to minimize 
loss of carbon dioxide. Blood was drawn and serum separated at the beginning and end of the 
periods of magnesium infusion. The subject was weighed daily before breakfast. Each study was 
divided into: (1) @ control period (3 days); (2) a magnesium-infusion period (4 days), when mag- 
nesium lactate was administered intravenously in two doses, each of 35 m-equiv, at 9.00 a.m. 
and 6.00 p.m. (except on day 6 of Study 1, when only 35 m-equiv was given at 9.00 a.m.); and 
(3) a post-infusion period (2 days). 

In both studies urine was analysed for sodium, potassium, magnesium, calcium, phosphorus, 
chloride and creatinine. In Study 2 urine was also analysed for pH, titratable acid, ammonia and 
carbon dioxide. Serum was analysed for sodium, potassium, calcium, magnesium, inorganic 
phosphorus and chloride. 

In calculating the cumulative net balances of electrolytes, it was assumed that the milk diet 
provided a constant daily electrolyte intake. Since the milk came from a large dairy that pools 
its supplies, and since the studies were of too short duration for seasonal variations in the food 
intake of the cows to be a significant factor, this assumption is a reasonable one. The balances were 
calculated by comparing the excretion rates in urine during the magnesium-infusion and post- 
infusion days with the average excretion rates of the control days. This method of calculation 
has the advantage that losses of electrolyte in the sweat do not influence balances so determined, 
since such losses may be assumed to be present in the control, equally with the experimental 
days. Losses of electrolyte in the faeces were ignored. It has been shown that parenterally given 
magnesium is not excreted in the faeces (Nicolaysen, 1936; McCance & Widdowson, 1939; Smith, 
Winkler & Schwartz, 1939), and does not ot alter the faecal excretion of calcium (Mendel 
& Benedict, 1909). 

The following analytical methods were used: sodium and potassium, flame photometry; 
calcium, oxalate precipitation and permanganate titration; serum magnesium, method of Simon- 
sen, Westover & Wertman (1947), and urine magnesium by a modification of this method; 
inorganic phosphorus, method of Fisk & Subbarow (1925); creatinine, modified method of Peters 
(1942); urine chloride, Volhard titration; urine ammonia, nesslerization; serum chloride, method 
of Schales & Schales (1941); urine titratable acid, titration to pH 7-4, using a glass electrode; 
urine bicarbonate, Van Slyke volumetric method. Urine total organic acids were estimated 
by the method of Van Slyke & Palmer (1920). : 


RESULTS 


The exoretion of electrolytes and the changes in urinary pH and body weight — 


are shown in Table 1. In this table the values shown for the control periods 


_are the averages of three control days, and the figures in parentheses are the 


standard deviations of these values. Table 2 shows the cumulative net body 


balances of electrolytes in the magnesium-infusion and post-infusion 
periods. 


In both studies, sodium excretion initially fell below control values in the 
magnesium-infusion periods, resulting in small positive balances of sodium, 
but subsequently output rose towards or above control values. The net effects 


were positive sodium balances of 74 m-equiv in Study 1, and 28 m-equiv in 


Study 2, at the ends of the ecient periods. 
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Tasix 2. Cumulative net body electrolyte balances hap-oomiy) 


Study _ Period Day Na K Mg Ca Cl 

a Mg-infusion 4 +27 -7 +9 -5 +1 
5 +55 +8 +9 -4 +18 

6 +66 +16 -§8 +2 +45 

7 +74 +2 ~§ +5 +31 

Post-infusion 8 +59 ~3 -13 +12 +46 

9 +61 —27 -12 +18 +38 

2 Mg-infusion 4 + 26 +11 +13 ~4 -2 
5 +40 +52 +5 ae | +6 

6 +30 +70 -5 +4 +4 

7 +28 +89 -—16 +8 -4 

Post-infusion 8 +31 +78 — 24 +15 +7 

9 +53 +49 — 24 +22 +19 


In Study 1 there was no significant change in the potassium excretion in 
the magnesium-infusion period compared with the control period, and there- 
fore no change in the net potassium balance. In the same period in Study 2 
potassium output decreased and there was a net positive balance of potassium 
of 89 m-equiv at the end of the period. In the post-infusion period of this 
study potassium output increased to values above those of the control period. 


In both studies magnesium excretion increased sharply in the periods when ~ 


infusions were made. The balance data show that magnesium was not retained 
in the body during these periods. In Study 1 245 m-equiv of magnesium 
were given, and in Study 2, 280 m-equiv; the errors of recovery of the ion in 
the urine being 2-4 and 5-7 % in the two studies respectively. In both studies 
calcium excretion increased on the first days of the magnesium-infusion periods, 
but thereafter decreased to below control values and continued to fall in the 
post-infusion periods, the net results being small positive balances of calcium. 
Chloride output did not change significantly. | 

_ In Study 2 there were no changes in the excretion of organic acids. During 
the infusions the excretion of hydrion fell and the pH of the urine rose. The 


_ output of inorganic phosphate decreased on the days when magnesium was 


administered, but recovered to control values in the post-infusion periods. 
There were no significant changes in the concentration of sodium, potassium, 


calcium, magnesium, chloride or inorganic phosphate in the serum throughout 


the studies. 
| DISCUSSION 


Mendel & Benedict (1909) showed, and others have confirmed, that parenterally 
administered magnesium is entirely eliminated in the urine, none being ex- 


creted via the gut. Although faecal analyses were not made in the present 


studies, the doses of magnesium given were recovered in the urine, with errors 
substantially within the errors of the method of calculation. In Study 2 the 
rise of urine pH and the fall in the output of hydrion during the infusions 
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indicate that the magnesium was excreted chiefly, if not entirely, with the 
bicarbonate ion. Although there were increases in undetermined anion (total 
cation-determined anion) on the days on which magnesium was infused, the 
precautions taken to prevent loss of carbon dioxide from the urine before 
analysis were not sufficiently rigid for further interpretation of this observation 
to be made. 

In both the studies reported here the rates of calcium excretion increased 
slightly on the first days of the infusions, but thereafter fell below control 
values and continued to fall in the post-infusions periods. These results are 
the opposite of what would have been expected from the observations of 
previous workers, who have demonstrated increases in calcium output following 
the parenteral administration of either the sulphate or chloride salts of mag- 
nesium (Mendel & Benedict, 1909; Schiff, 1920). In acute studies where 
magnesium lactate was infused intravenously calcium excretion increased 
approximately 300° (Womersley, 1956). In Study 2 the excretion of hydrion 
in the urine fell during the infusions. It is well known that acidification of the 
urine increases calcium output and Hunt (1956), in the studies on normal 
humans, showed a direct relationship between the output of titratable acid and 
calcium in the urine when the acidity of the urine was varied by dietary means. 
It might, therefore, be argued that the changes in calcium output noted in the 
present studies were dependent on changes in the excretion of acid during the 
infusions. But the data show that calcium excretion continued to fall in the 
post-infusion periods at a time when the pH of the urine was falling and the 
excretion of acid rising. Similar)y, although excretion rates of inorganic 
phosphate decreased during the infusions, they rose towards or above control 
values during the post-infusion periods, while calcium output continued to 
decline. 

There were no changes in the concentrations of calcium or magnesium in the 
serum during the infusions, but the blood samples were drawn at least 12 hr 
after the preceding magnesium injections, at which time the elevations of the 
concentrations of magnesium in the serum induced by the infusions were no 
longer apparent. Stransky (1915) and Richter-Quittner (1925) have shown in 
studies on animals that elevation of the serum magnesium definitely depresses 


the total calcium concentration of the blood, but at the same time increases | 


the proportion of the calcium that is diffusible. These results have been con- 
firmed in the normal human and the net effect is to increase the concentration 
of diffusible calcium in the serum (unpublished observations). These findings, 


together with the observation that there was no correlation between calcium 


output and the excretion of endogenous creatinine, make it unlikely that 
changes in the rates of filtration of calcium at the glomerulus were responsible 
for the changes in calcium excretion. There is no reason for excluding the 


possibility of some remote effect of the infusions on calcium metabolism, and 
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the prolongation of the effects into the post-infusion periods, at which time 
none of the infused magnesium remained in the body, favours such a remote 


origin rather than a purely renal response. 


The net balances of sodium, potassium and chloride were inconsistent 


_ (Table 2). Gamble (1951) has pointed out that on a fixed intake of these ions 
_ there are large variations in their day-to-day excretions in the urine. In both 


the studies reported here the standard deviations of the mean excretion rates 
for sodium and chloride in the control periods were large. In neither study were 
the outputs of chloride, on the experimental days, greater or less than two 
standard deviations of the means of the control periods, while the outputs of 
sodium on the experimental days differed significantly from the means of the 
control periods on only two days in Study 1, and on only one day in Study 2. 
The balances of sodium and chloride shown in Table 2 cannot, therefore, be 
said to represent statistically significant gains or losses of these ions. 

In the absence of significant changes in the body weights, in the net balances 
of sodium and chloride and in the concentrations of sodium and potassium 
in the serum, it may be inferred that there were no changes in the distributions 
of these substances between the extracellular and intracellular phases of the 
body fluids. In Study 1 the excretion rates of potassium on the experimental 
days showed no significant variations from the mean rate of the control period, 
but in Study 2 potassium output fell on the magnesium-infusion days and rose 
above the control level on the post-infusion days. The positive net balance in 


_ Study 2 (Table 2), therefore, represents a significant retention of potassium as 


a result of the infusions. From previous observations (Heller e al. 1953; 
Womersley, 1956), it would have been expected that potassium excretion 
would fall during the prolonged administration of magnesium. The results of 
the studies reported here are at variance and further work will ig necessary 
to elucidate this point. 


SUMMARY 


1. The effects of the prolonged parenteral administration of magnesium 
lactate were observed in two studies on one normal subject. All the magnesium 
administered was recovered in the urine. | 

2. Contrary to what had been expected from previous studies, calcium 
excretion in the urine decreased and this effect was prolonged after the mag- 
nesium infusions had ceased. It is suggested that the infusions may have 
influenced the metabolism of calcium by some remote effect rather than my a 
purely renal one. 

3. Calculations of the net balances of sodium and chloride, and of the 


of the body water, showed no significant changes. 
I should like to thank Miss Eileen Martin, B.Sc., for technical assistance. 
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POTASSIUM MOVEMENTS IN CONTRACTING 
DIAPHRAGM MUSCLE 


By R. CREESE, 8. E. E. HASHISH* ann N. W. SCHOLES 


From the Department of Physvology, London Hospital Medical College, E. 1, 
and the Department of Pharmacology, University of California at Los Angeles 


(Recewed 25 March 1958) 


Attempts to measure the ionic changes which accompany muscular contrac- 
tion encounter a number of peculiar difficulties in the case of isolated mammalian 
tissues. Most preparations are comparatively thick, and the over-all exchange 
of potassium is believed to be slowed by interfibre diffusion, so that allowance 
must be made for this when exchange across the cell membrane is calculated. 
Sodium exchange of rat diaphragm muscle at body temperature is rapid 
(Creese, 1954), and it was not possible in the present study to record changes in 
sodium movement accompanying contraction. The oxygen consumption of 
this muscle is high so that aeration must be well maintained even in the resting 
state if anoxia of the cells in the interior of the tissue is to be avoided (Creese, 
Scholes & Whalen, 1958). Perhaps the chief limitation, however, is that rapid 
stimulation is badly tolerated in these preparations, and even moderate rates 
of stimulation may produce irreversible impairment of twitch tension. Hence 
it is desirable to employ only short periods of stimulation at low rates, and the _ 
small and transient changes in potassium movements which are produced 
require sensitive methods for their detection and measurement. 

Before tracer substances can profitably be used on this preparation it is 
necessary that the general effects of stimulation on the muscle be known, and 
the first part of the present study contains an account of findings in isolated 
diaphragm muscle after repeated contractions at a moderate rate of 2/sec. 
A preliminary account of this work’ has been reported (Creese, Hashish & 
Scholes, 1958). | 


METHODS 


Diaphragm muscles from albino rats of 120-160 g were secured by the ribs to plastic holders. 

Dissection, analysis of muscle, estimation of inulin space and measurement of radioactivity were 

made as described previously (Creese, 1954). The usual corrections were made for background 

count, resolving time of counter and scaler, and decay of radioactivity. The modified Krebs’s 
* Present address: Radioisotope Centre, Tahrir Street, Dokki, Cairo. 
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saline had the same composition as that used before (Creese, 1954) and contained 5-9 mm potassium. 
It was aerated with a mixture of 5% CO,, 95% O, at 38° C. The muscle holders were suitably 
wired, and the phrenic nerve was stimulated by a succession of single maximal shocks (duration 
0-25 msec) by means of a stimulator designed by Bernstein (1950). In some cases the muscle was 
stimulated directly through the tendon with shocks lasting 0-5 msec. 

Muscle tension was measured with a strain gauge (Statham Laboratories) which was attached 
to the tendon through a light glass rod. With a d.c. supply of 8 V, a tension of 10 g produced a 
voltage change of 0-7 mV across the terminals, and this was passed through an amplifier having a 


j 
ty 
4 
Muscle holder Fy 
At 
10 mm 


Effluent tube 


Fig. 1, Arrangement for measuring changes in outward movement of potassium. The muscle, 

 Joaded with “*K, is secured to the tissue holder and placed in the small jacketed bath which 
is fitted with a short overflow tube. The inflow tube for saline is not shown, nor the oxygena- 
tion tube. The outgoing saline is collected for counting. The volume of the vessel is 4 ml. 


relatively long time constant (over 200 msec) and the deflexions were displayed on an oscilloscope. 
The terminals of the strain gauge were also connected to a pen writer (Offner, Inc.) which provided 
a continuous record of twitch tension and resting tension. The deflexions of the oscilloscope beam 
and of the pen were proportional to the changes in tension. Both methods gave similar results 
when the twitch tension was diminished either by the use of tubocurarine or by rapid stimulation 
of the preparation at 2/sec. The natural frequency of the strain gauge was 250 c/s, and the fre- 
quency response of the pen writer varied by no more than 10% up to 70 o/s. The resting tension 
of the muscle was checked at the end of the experiment by cutting the tendon and observing the 
change in the tension recorded by the pen writer. 

Micro-electrodes were used to record resting potentials in various layers of the muscle, the 
’ arrangement being similar to that described by Creese, Hashish & Scholes (1958). 

Fig. 1 gives the dimensions of the apparatus used for the measurement of changes in the 0 ut- 
ward movement of “K. A diaphragm was soaked for 2—4 hr in saline containing “*K, and the 
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muscle was then transferred (in the dissecting bath) to a holder which was suitably wired for direct 
stimulation of the muscle. In some cases an isometric arrangement was employed. The muscle 
holder fitted into a small jacketed organ bath containing 4 ml. of saline. An inflow tube, reaching 
to the bottom of the bath, brought warm (38° C) saline at a rate of 10 ml./min. The saline was 
allowed to escape down an overflow tube and was collected in vessels placed beneath the bath. 
The fluid obtained during intervals of 0-5 or 1 min was adjusted to constant volume and counted 
for radioactivity. The counts were 3000-8000/min in most cases. Doubling the rate of flow did 
not affect the outward movement of “K from the muscle. A fine plastic tube plugged at the tip 
with fluted glass was used to oxygenate the muscles; the gas bubbles also served to mix the contents 
of the bath. After a run the muscle was removed, and the radioactivity of the rib, which remained 
attached to the holder, was measured. The contribution made by the rib was usually less than 10% 
of the total counts. In some cases a control run with the rib alone was undertaken. 

The simple arrangement shown in Fig. 1 was designed to maintain adequate oxygenation while 
reducing to a minimum the lag between the appearance of a substance in the bath and its collection 
in the overflow. Experiments in which dye was suddenly injected at a depth half way between the 
surface of the saline and the bottom of the bath showed that the dye was removed exponentially 
with a half-time which was less than 20 sec. The sensitivity was chiefly limited by irregularities 
_ in rate of flow, which were liable to produce excessive fluctuations in the counts recorded. A 
_ steady flow was only obtained if the apparatus was completely free from grease, and it was 
necessary that the bubbling produced by the oxygen should not be excessive. The overflow tube 
was situated eccentrically so that the opening did not lie in the trough of the saline meniscus. 
Experiments in which the flow became irregular were abandoned, and only muscles which were 
seen to contract vigorously were accepted. This apparatus was much more sensitive than that used 
previously (Creese, 1954). 

In all experiments in which ion movements were recorded the muscles were allowed to shorten — 
during contraction. Strain-gauge studies were performed on muscles under isometric conditions, 
and for intracellular recording the muscles were steadied by a tension of 25-50 g wt. — 


RESULTS 
Stimulation rate and twitch tension 
The twitch tension produced by isolated diaphragm preparations was usually 
steady for periods of 12 hr when the rate of stimulation was 4/min. There was, 
however, a marked decline in performance at moderate stimulation rates of 
2/sec or more, as found by Brown, Biilbring & Burns (1948). 

Fig. 2 shows the effect on muscle tension of stimulation through the nerve 
at 2/sec, the tension being plotted at intervals, The peak tension is given by the 
difference between the total and the resting tension. During the first 2 min 
the peak tension fell by about 10%, and after 30 min the peak tension was less 
than half the initial value. There was also an increase in the resting tension. 
Similar results were obtained by direct stimulation through the tendon. 
Recovery when the rate of stimulation was reduced again to 4/min was 
incomplete. 

In experiments suciles to those Fig. 2 the mean peak tension after 30 min 
stimulation at 2/sec was 40% of the initial value + 4% (s.z. of seven deter- 
minations). The mean initial resting tension in this series was 5-4 g wt. Fig. 3 


shows myograms from another muscle before and after — oe the 
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same rate. The rise-time was about 20 msec, which is similar to that recorded 
by Ritchie (1954), who also used a strain-gauge. The small latency relaxation 
is not displayed in Fig. 3. 

With prolonged stimulation the muscle fails to relax completely, with the 
result that the resting tension is increased. If the contractions are recorded 


Tension (g wt.) 


0° 


t 


—10 0 10 20 30 

Time after start of stimulation (min) 

Fig. 2. Isometric twitch tension of diaphragm muscle recorded by strain-gauge. O Resting 
tension; @ total tension: the difference gives the peak twitch tension. Before arrow, stimula- 
a later rise in resting tension. 


20 msec 110 g wt. 


Fig. 3. Twitch tension, recorded by strain-gauge and oscilloscope. Upper trace obtained during 
stimulation at 4/min, lower trace following stimulation for 30 min at 2/sec. The records have 
been retouched. : 


duced a more severe contracture and a drastic decline in twitch tension. A 
similar contracture may be produced by depriving the muscle of oxygen, and 
this suggested that the adverse effects of stimulation at moderate rates might 


be due to anoxia. This is considered below. 


Stimulation and potassium content 
Fig. 4 shows the effect of stimulation at 2/sec on the potassium content of 
diaphragm muscles from rats of 120+ 3 g (limits). The muscles were soaked in 


isotonically, a contracture is produced in all cases. Stimulation at 5/sec pro- 
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: large saline baths (200 ml.). The precautions described previously (Creese, 
, 1954) were followed in order to minimize potassium losses during dissection. 
The potassium content of soaked muscles has been expressed for convenience 
_ as a percentage of the potassium content of the unsoaked hemidiaphragm, 
using dry-weight estimations. The upper broken line in Fig. 4 shows values 
obtained from muscles soaked for 3 hr without stimulation, the figure being 
93-7 + 1:4 (8.8. of ten determinations). The potassium content of soaked 
: muscles appears to be steady for several hours (Creese, 1954). Expressed in a 
: different way, the potassium content of control soaked muscles was 74 m-mole/ 
kg wet tissue. The other points in Fig. 4 refer to muscles which were soaked for 


tage 


of unsoaked tissue 
| 
| | 
| | 
| 
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Muscle potassium as percen 


0 5 10 15 20 y= Ege 

| Time of stimulation (min) 

Fig. 4. Effect of stimulation on muscle potassium, expressed as a percentage of the potassium 
content of the unsoaked hemidiaphragm. The value at zero time, which is also shown by 
the upper broken line, gives the mean of ten muscles which were soaked and not stimulated. 
Other points refer to the mean of four muscles after stimulation for various times. The limits 
give 2x8.E. 


3 hr and then stimulated for various periods at 2/sec. Each point represents 
the mean of four muscles, and the limits give twice the s.z. There seems to be 
little change during the first 2-3 min, though a fall in potassium content is 
apparent if stimulation is maintained for longer periods. __ 

The average value for muscles stimulated for 10, 15 and 30 min is 79:3 % + 2:1 
(s.E. for twelve muscles), expressed as a percentage of the potassium content 
of the unsoaked muscles. This is a fall of about 15° compared with the mean 

~ of the ten muscles which were soaked but not stimulated, and this difference is 

unlikely to be fortuitous (t{=5-5, P<0-01). It should be noted that these 
results refer to diaphragm muscles of about 550-600 y thickness ; a few measure- 
ments obtained on diaphragms of 400, thickness showed that stimulation 
produced a much smaller effect in these cases. From Figs. 2 and 4 it can be 
seen that a comparatively small loss of potassium was associated with a con- 
siderable decrease in twitch tension. There was a small and statisticaliy in- 
significant gain of sodium in the case of muscles stimulated at 2/sec. 
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Resting potentials 
Micro-electrodes were pushed slowly through the muscle by a motor, and 
the resting potentials of individual fibres were recorded by means of a pen 
writer having a large excursion. Fig. 5 shows a record obtained from an un- 
stimulated muscle. Several such controls were obtained in each case at various 
positions along the muscle. | 


| 


Fig. 5 | Fig. 6 

Fig. 5. Resting potentials of unstimulated diaphragm. The micro-electrode was driven slowly 

through the muscle, and the potentials of the fibres were recorded by a pen writer. The cells 

at the right (pleural) side may have been damaged during stripping of the pleura. Upward 
deflexion represents a negative potential with reference to the earthed saline. 


Fig. 6. Same muscle as that of Fig. 5, after stimulation for 3 min at 2/sec. The muscle was impaled 
at a nearby position. There is little apparent change. 


In Fig. 5 the cells at the right side show potentials which are low, presumably owing to damage 
during removal of the pleura. The distance between vertical movements of the pen record 
measures the apparent fibre thickness. Owing to the arrangement whereby chords are measured 
instead of diameters, this apparent thickness is in most cases somewhat smaller than the true 
diameter and may be corrected as described previously (Creese, Scholes & Whalen, 1958). Fig. 5 
shows cells with an apparent thickness up to about 65, and this range is similar to that found 
previously. In the present series the uncorrected mean fibre diameter was 234 from rats of 
120-160 g, and the corrected mean value was 27. This may be compared with a corrected value 
of 32 from rats of 200-300 g found by Creese, Scholes & Whalen (1958). Creese (1954) found a 
mean of 16, in the fibres of the left diaphragm and a mean of 20, from the diaphragm as a whole 
in rats of 120 g, using a different strain of animals. Krnjevié & Miledi (1958) state that the fibre 
diameters in diaphragm muscle are mostly between 25 and 50, with a range extending up to 80, 
in rats of 100-200 g. 
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Fig. 6 was obtained from the same muscle as that used for Fig. 5 following 
stimulation for 3 min at a rate of 2/sec through the nerve, the record being 
obtained with the minimum delay from a site in the central strip of the muscle. 
The record shows no obvious abnormality as compared with Fig. 5. In Fig. 7 
the same muscle was stimulated for 20 min before exploration with the micro- 
electrode at an adjacent site. The cells in the depths of the tissue appear to 
show lower potentials than those situated more superficially. This effect was 
often more pronounced. Fig. 8 shows a more striking example from a muscle 


Stimulation 2/sec for 20 min ca Stimulation at 2/sec for 30 min — 


| | 


mV 


Fig. «Fig. 8 


Fig. 7. Same muscle as that of Figs. 5 and 6, after stimulation through the nerve for 20 min 
at 2/sec. The cells in the depths of the tissue show depolarization. 

Fig. 8. Resting potentials from another diaphragm stimulated for 30 min at 2/sec. The region in 
the centre shows small potentials or none. a 


stimulated for 30 min in the same manner. Similar records were obtained 
from adjacent regions of the muscle. Five diaphragms were used for these 
experiments, and normal controls were obtained initially. Stimulation for 
20-30 min was accompanied by a zone of low or absent potentials when the 
central portion of the diaphragm was explored with micro-electrodes in each 
of this small number of experiments. Recovery seemed to be incomplete, and 
in some cases exploration 30 min after cessation of stimulation still disclosed 
a zone of depolarized fibres. The regions within 2 mm of the cut edges of the 
muscle appeared to show only marginal effects, presumably owing to better 
oxygenation. A few experiments in which stimulation at 5/sec was employed 
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produced more drastic effects than those of Fig. 8, especially when thick 
muscles were used. | 

The results revealed with micro-electrodes after stimulation resemble in 
_ general those obtained in resting muscles by diminishing the oxygen content 
of the gas mixture used to aerate the tissue (Creese, Scholes & Whalen, 1958). 
The records are consistent with the view that isolated muscles which are 
stimulated at moderate rates may be damaged by anoxia of the cells in the 
depths of the tissue, and this possibility is discussed further below. 

In some cases the electrode was driven right through the muscle. This manceuvre may result in 
breaking the tip of the electrode, and usually the motor was stopped when deflexions corresponding 
to fibres seemed to have ceased. The horizontal movement of the paper used for recording was also 
stopped. The electrode was then withdrawn back into saline, and usually a downward deflexion 
occurred as the baseline was reached again. The record was then continued with the needle in saline. 
This explains the abrupt fall in p.d. on the left side of Fig. 7. If the final base line differed from the 
initial level it was concluded that the tip of the needle was blocked or broken and the records were 
discarded. 

Diffusion of inulin during stumulation 

Diaphragm muscles from rats weighing 120 + 5 g (limits) were mounted on a 
holder and attached to a spring-loaded lever. The muscles were soaked for 2 hr 
and the solution was then changed to saline containing inulin (0-5%, w/v). 
During their period of immersion in the inulin-saline the muscles were stimu- 
lated through the nerve at 2/sec. The uptake of inulin in contracting muscle 
was determined by methods used previously (Creese, 1954), and was expressed 
as the ratio inulin/100 g muscle: inulin/ml. saline. The inulin space after 30 min 
stimulation was 24-6 ml./100 g+1-7 (s.z. of eleven determinations). This 
differed little from the value of 26-4 ml./100 g obtained in resting diaphragm 
(Creese, 1954). The uptake of inulin after stimulation for 5 min was 11-5 ml./ 
1009 + 1-1(s.8. of ten determinations), so that the fractional uptake during this 
time was 0-468. Assuming the thickness of the diaphragm to be 0-6 mm, the | 
apparent diffusion coefficient of inulin in stimulated muscle was 5-1 x 10-7 cm?/ 
sec, using the same method of calculation as before. The value previously 
found for resting muscle was 5-6 x 10-? cm?/sec at 38° C, so that contractions 
at this slow frequency produced no great change in diffusion rate. 

Creese (1954) concluded that the apparent diffusion coefficient (D’) of inulin in diaphragm muscle 
at 38° C was about a quarter of that in free solution. McLennan (1956) alsd finds that D’ for 
thiocyanate at 20° C in isolated leg muscle of the rat is about one quarter of the value in free — 
solution (2-2 x 10-* cm*/min compared with 8-7 x 10-* cm*/min), whereas D’ for inulin at 20° C 
was 7-96 x 10-* cm*/min compared with the value in free solution of 9-6 x 10-* cm*/min, McLennan 


(1957, Table 4) has also calculated from Conway’s data that D’ for inulin in frog sartorius muscle 
is 6-0 x 10-5 em*/min at 20° C, so that the ratio of D’ to the value in free solution is here about 60%. 


Inward movement of “K during stimulation 


No consistent change was detected in the rate of inward movement of *K 
during the first minutes of stimulation at moderate frequencies. Diaphragms 
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from rats of 120 g were attached to holders and soaked in non-radioactive 
saline for 2 hr. They were then placed in saline containing “K for varying 
times, the total potassium content of all saline solutions being similar. Alternate 
muscles were stimulated through the nerves while in radioactive saline. At 
the end of the appropriate period the muscles were quickly removed and the 
percentage exchange was determined, as expressed by the ratio radio-activity/ 
mg K in tissue:radioactivity/mg K in saline. Table 1 shows the results of 
stimulation at 5/sec, for 5 and for 10 min. The differences between stimulated 
muscles and controls are small and inconsistent. 


TaBiE 1. “K uptake in stimulated diaphragm 
Stimulation 
time (min) 5 10 30 


K exchanged 
Control 10-7 +0-56 (6) 20-6 + 2°13 (7) 43-6+41-77 (20) 
Stimulated 11-040-88 (7) + 1-36 (7) — 


Muscles were stimulated through the nerve at 5/sec. “*K uptake is expressed as the percentage 
of potassium which has exchanged, + s.£. (with no. of expts.). Values for 30 min controls are from 
data used by Creese, Neil & Stephenson (1956). 


If the time allowed for entry of “K is small, an appreciable fraction of the 
potassium exchanged is attributable merely to extracellular potassium. Some 
2% of the total potassium in soaked diaphragm muscle is extracellular (Creese, 
1954). No corrections have been applied to the figures in Table 1. 


| Outward movement of *K during stumulation 

Fig. 9 shows the results obtained on resting muscle, using the apparatus 
shown in Fig. 1, with the precautions described above. The muscle, previously © 
loaded with tracer, was deprived of its rib before being secured in the organ 
bath. A stream of normal saline was allowed to pass over it and the effluent 
was collected and counted. The results appear to give a linear relation between 
counts/min and time, when plotted on semilogarithmic paper, though longer 
runs usually revealed a mild degree of curvature of the semilogarithmic plot 
as found in previous studies. The slope gave rate constants k varying between 
0-9/hr and 1-5/hr. In Fig. 9 & is 1-2/hr (half-time 34 min), and this is consistent 
with the results obtained with other apparatus (Creese, 1954; Creese, Neil & 
Stephenson, 1956). 

Calkins, Taylor & Hastings (1954, Table 1) found the average rate constant 
k, for exchange of #K in diaphragm to be 0-016/min at 37° C, or 0-96/hr. These 
results seem to be a little lower than those reported here, and this may be 
attributed to the lower potassium concentration (3-65 mm) used by Calkins 
et al. (1954). : 

Stimulation at a relatively rapid rate of 5/sec gave the result shown in 
Fig. 10. There was an immediate and rapid increase in the tracer found in the 
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effluent fluid, reaching a peak after about 3 min of stimulation. After the 
experiments the rib was removed and a separate run was made under similar 
conditions so that the contribution made by the rib could be calculated. 
Attempts were made to detect and measure an increase in outward move- 
ment of tracer during the first few minutes following stimulation at 2/sec. 
It has been shown above that during this time there is no evidence of depolari- 
zation, no detectable change in the total potassium content, and a small 
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Fig. 9. Outward movement of labelled potassium from resting diaphragm. Saline from the organ 
bath was collected during 1 min periods, and the radioactivity in counts/min is plotted on 
semilogarithmic paper. The abscissa gives the time in min during which the muscle, pre- 
viously loaded with “*K, has been in contact with inactive saline. The rib was removed. The 
slope has a half-time of 34 min. | 


diminution in the twitch tension. Particular precautions were taken to pro- 
duce an even flow of saline. Fig. 11 shows a result obtained from a muscle 
stimulated at 2/sec. The scale is enlarged compared with the other graphs. 
There is a detectable increase in the tracer collected after stimulation. A 
correction for the effect of the rib was made in the usual manner before 
plotting. 

The increase in outward movement of “*K is given by the difference between 


_ the points after stimulation and the corresponding points on the extrapolated 


initial regression line. The curve of Fig. 11 shows that there is an immediate 
increase in the output of “K, but there was frequently a lag of some 2-3 min 
before this increase reached a maximum. This lag is partly due to apparatus 
delay. It may also be due to the time taken by the extra potassium released 
by stimulation to diffuse through the interspaces and reach the external saline. 


_ In practice the increase was measured after 3 min stimulation. In the experi- 
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ment of Fig. 11 the value is 23% greater than the figure obtained by extra- 


polation of the regression line. In ten experiments an increase was obtained in 


each case, the values ranging from +10 to +33%, with a mean increase of 


+ 3-4 (8.2. of 10). 
— a 
7000 
50 60 
Time (min) 2 


Fig. 10. Outward movement of “"K as before. At the arrow, stimulation was started at a rate of 
5/sec. A large increase in the radioactivity of the saline coming from the organ bath is 
apparent on stimulation of the muscle. A separate run was made later with the rib alone and 
the appropriate correction was made before plotting. - 


3500 

> 


Fig. 11. Outward movement of **K on larger scale. At the arrow, stimulation was started at a 
rate of 2/sec. After 3 min the radioactivity has increased by some 23 % (see text). A correction 
for the activity of the rib has been made before plotting. 


$ 
he 
as 
a 
a 
+ 
a 
i 
a 
| 
4 
a 
4 
£ 
3 
t 


318 R. CREESE, S. BE. E. HASHISH AND N. W. SCHOLES 


Calculation of potassium loss accompanying a twitch 
Since no change in inward movement of potassium was detected during 
stimulation, the observed increase in the outward movement was taken to 
indicate the net outward movement. The figures showed considerable scatter 


and the means of the various groups of measurements have been used for 


purposes of calculation. The potassium flux for resting diaphragm from rats of 
120 g under similar conditions has been calculated as 45 pmoles/cm*/sec 
(Creese et al. 1956), and this estimation has been used to obtain the potassium 
loss per contraction. 

The calculation is complicated to some extent by diffusion factors. In most 
cases it is likely that interfibre diffusion slows the over-all exchange of 
potassium, so that for any given circumstance the true rate of exchange across 
the cell membrane is greater than the observed rate of exchange between the 
tissue and its environment. If M is the mean flux across the cell membrane 
and M’ is the apparent flux, then for a flat muscle we have, using a similar 
nomenclature to that of Keynes (1954): 


(1) 


where d is half the thickness of the muscle and is taken as 0-03 cm (Creese, 1954), 
and A is a constant which depends on the apparent diffusion coefficient of 
potassium. For resting diaphragm we have A? equal to 5-0/M x 10-%, M’ is 
15-7 pmoles/cm?/sec and M is 45 pmoles/cm*/sec (Creese et al. 1956). 

It was found that stimulation at 2/sec produced an increase, after 3 min, 
of 22-6% in the outward movement of “K. Hence M‘, the apparent flux 
during stimulation, is 122-6°% of 15-7 or 19-2 pmoles/cm?/sec. M,, the out- 
ward potassium flux during stimulation, was found by trial and error from the 
above equation in the usual way: the value is 66-5 pmoles/cm?/sec. It may 
be noted that for resting muscle M'/M is 0-35, whereas for the increased flux 
of stimulated muscle the effect of diffusion is even more marked and M;/M, 
is 0-29. Stimulation at 2/sec increased the outward flux from 45 to 66-5 pmoles/ 
—em*/sec, or a difference of 21-5 units, so that the net loss is 10-7 pmoles/cm?/ 
contraction. 

A few experiments were made with stimulation at a rate of 5/sec. The increase 
after 3 min varied from 25 to 43%, with a mean of 31-3% (four expts.) 
Calculations based on similar methods to those used above gave the loss per 
_ contraction as 5 pmoles/cm*, which is less than half the value obtained at 
2/sec. Stimulation at 5/sec was found previously to produce a rapid fall in 
twitch tension and gross depolarization, and for this reason the results obtained 
_ at the slower rate of stimulation were preferred as an estimation of the loss 
for a single twitch. | 


; 
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It is also desirable to estimate this quantity by measuring the potassium 7 
content of the muscle before and after stimulation, for such a procedure would ‘ 
give the net change and would serve as a check on the tracer method. Un- 
fortunately, it was found that a rapid rate of stimulation was accompanied by q 
\ serious depolarization of a portion of the muscle, whereas a slow rate gave small i 
differences with large statistical fluctuations. It is of interest, however, to see 
whether the methods both give results which are of the same order of magni- 
tude, and the following calculations have been made with these admitted 
limitations. | 

From Fig. 4 the main loss of potassium occurs during the first 15 min. If 
} the loss of potassium is plotted against time, the regression slope indicates that 
the muscle loses about 1-2%/min, with reference to the potassium of the 
control muscles which are soaked but not stimulated. It is necessary to obtain 
the potassium associated with each cm? of fibre surface. From Creese et al. 
(1956) there are 1-15 x 10~* moles/c.c. of myoplasm. Also V/A, the ratio of 
cell volume to surface area, is 4-2. which is equivalent to 2380 cm*/c.c. There- 
fore, the cell potassium may be expressed as (1-15 x 10-*)/2380 moles/cm?, or 
48300 pmoles/cm?. Then each cm? loses 1-2% of this or 580 pmoles in 60 sec, 
which correspond to 120 contractions. Hence the loss is 4-8:pmoles/cm?/ 
contraction. | 

This figure is uncorrected for interfibre diffusion, and it is likely that the 
true value is greater than the apparent figure as calculated above. If a con- 
traction is accompanied by a net release of potassium from all the fibres 
simultaneously, then there will be, first, a time lag before this potassium 
appears from the tissue, and secondly, some of the potassium will be re- 
absorbed into the cells from the interfibre spaces. If previous calculations are 
taken as a guide, the true figure may well be two or three times the apparent 
value. It is concluded that the results obtained by direct analysis of muscle 
are not inconsistent with the estimates made by means of tracers. 

The loss of potassium following a single twitch is small in relation to the 
potassium content of the whole cell. After mixing has occurred following a 

_ contraction, the loss per unit area may be expressed as 10-7/48300 or about 
|  0-02%. Ifthe cell potassium is 158 m-moles/kg fibre water, the change in con- 
 entration is about 0-035 mm. 


DISCUSSION 

If gross deterioration of the preparation is to be avoided, considerable limita- 
tions on the stimulation procedure must be accepted in the case of isolated 
diaphragm preparations maintained at body temperature. The muscles are 
_ known to give a steady response for several hours providing the stimulation 
# tate is low, say 6/min. Tetani have usually been given only for short periods 
of a few seconds (Hajdu, 1950; Ritchie, 1954). If stimulation is continued for 
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several minutes then even moderate rates produce a marked fall of twitch 
tension, as was found by Brown et al. (1948) who stimulated at 2/sec, and also 
by Weeks & Chenoweth (1952). A rise in the resting tension may also occur, 
and this appears to resemble the ‘fatigue contracture’ which has been con- 
sidered by Gasser (1930). 

This behaviour is easily explicable in terms of the diffusion of oxygen into 
the muscle. The critical depth b to which oxygen penetrates in a sheet of muscle 
may be obtained from the simple formula (Warburg, 1923; Hill, 1928): 


b=,/(2Dyo/2), (2) 


where D is the diffusion coefficient of oxygen in muscle and may be taken as 
1-64 x 10-5 cm*/min at 37° C (Krogh, 19194), y is the external oxygen tension 
in atmospheres, and a is the oxygen consumption of the muscle, which was 
found to be 0-027 c.c./c.c. resting muscle/min under somewhat similar con- 
ditions (Creese, Scholes & Whalen, 1958), the gas volumes being reduced to 
0° C and one atmosphere, as usual. This value for oxygen consumption is 
somewhat higher than that usually reported for diaphragm muscle, and will 
be used in the present calculation. Since the gas mixture contained 95% 
oxygen, a may be taken as 0-95 (760-47)/760 or 0-89 atmosphere. Then 6, the 
critical depth, is 0-0329 cm, so that on this basis a muscle of thickness 2b or 
about 660. would be adequately oxygenated under resting conditions. 


It appears from the results of Whalen (1957) that a diaphragm which is 


stimulated maximally at a rate of 2/sec shows an increased oxygen consumption 
of 85 % at least (Fig. 2 of Whalen’s paper). This is a minimum value as it does 
not allow for the effects of lag in the recording system. The calculated critical 
depth is then only 242, and may be smaller. Hence a muscle of thickness 
6004 would be expected to have a slice over 100 wide in the depth of the 
tissue devoid of oxygen following stimulation at 2/sec. It is, therefore, not 
surprising that after 20-30 min the cells in the centre are found to be de- 
polarized when the muscles are explored by micro-electrodes. The localized 
depolarization produced by simple anoxia has been studied by Creese, Scholes 
& Whalen (1958). 


Depolarization of a proportion of fibres during moderate rates of stimulation 


would be accompanied by some net loss of cellular potassium, and the loss of 
15% of potassium content shown in Fig. 4 may be due partly to the secondary 
effects of central anoxia. The experiments of Calkins et al. (1954) have demon- 
strated the rapid loss of potassium which occurs when diaphragm muscle is 
made anoxic, and a similar effect was noticed by Creese (1954). 

Once potassium has passed into the interspaces, then the raised extra- 
cellular potassium would itself serve to enhance the depolarization of the fibres 
unless it were removed quickly by intercellular diffusion to a large external 
reservoir of saline. The appropriate value for the diffusion coefficient is not 
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immediately apparent. Creese (1954) found that “K in the interstitial fluid 
exchanged with the external saline with a half-time of 0-81 min (after the first 
min), which gave the apparent diffusion coefficient D’ as 5:2 x 10-* cm*/sec 
at 38° C. Similarly, Harris (1952) found the half-time for loss of extracellular 
potassium to be 1-2-1-5 min in the case of frog sartorius muscle at 18° C, from 
which Hill & Macpherson (1954) calculated D’ to be about 4 x 10~* cm®/sec. 
McLennan (1955) performed experiments similar to those of Harris (1952) and 


_ found that the potassium contained in 0-1-0-15 of the volumes of leg muscles 


of the rat left the interspaces with a value for D’ of 5-6 x 10-* cm?/sec at 20° C. 
Later experiments of a similar nature have been interpreted by McLennan 
(1956, 1957) as indicating much lower diffusion coefficients of potassium through 
the interspaces. 

Csapo & Wilkie (1956) have pointed out that two different diffusion co- 
efficients must be distinguished. First, there is the situation described by 
Harris (1952) in which the muscle is placed in saline containing a high con- 
centration of potassium phosphate. The extracellular potassium is largely 
prevented from exchanging with that of the fibre, and this gives the apparent 
diffusion coefficient D’ which is usually about 25-50% of that found in free 
solution. Net movement of potassium in the interspaces of a muscle which is 
placed in physiological saline will be described by an effective diffusion co- 
efficient, which may be designated by De, such that D, is smaller than D’. This 
is due to loss of potassium from the interspaces by exchange across the cell 
membrane, so that the amount transferred in the interspaces in unit time is 
diminished. Csapo & Wilkie (1956) show that D, is given approximately by 
aD’ where a is the fraction by volume of the interspaces. Now a for diaphragm 
is 0-28 (Creese, 1954) and this argument leads in the present experiments to a 
value of 1:5 x 10-* cm?/sec for the effective diffusion coefficient for net trans- 
port of potassium. Since Dt/b? is 0-196 where ¢ is the half-time and 6 half the 
thickness (0-03 cm), it follows that the excess potassium in the interspaces 
would be reduced by half in about 2 min, provided that this excess potassium 


__ was evenly distributed initially. If the excess potassium was concentrated in a 


narrow strip 100 wide in the depths of the muscle, then its removal would be 
correspondingly delayed. From these considerations it is likely that some of the 
depolarization seen in Figs. 7 and 8 could be attributable to increased potassium 
in the interspaces. This argument seems unlikely to apply to the results of 
Creese, Scholes & Whalen (1958) who waited 3 hr (with changes of external 
saline) before records were taken. poe : 

The poor performance of isolated mammalian muscles to prolonged stimula- 
tion as compared with those with circulation intact has been recognized 
previously (e.g. Brown et al. 1948). In the case of isolated tissues the oxygen 
may have to diffuse perhaps hundreds of microns to the deepest fibre, whereas 
the distance between a capillary and the fibres which it supplies is much shorter 
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(Krogh, 1919). The difference in the length of the diffusion path in the two 
cases seems a sufficient explanation. The presence of some fibres which have 
become depolarized may explain the increase in asynchrony after stimulation 
as described by Brown et al. (1948). Isolated muscles which have been shocked 
until their performance has been impaired are often said to be ‘fatigued’. It is 
questionable whether it is at all helpful to apply the term ‘muscular fatigue’ 
to the tissue from which Fig. 8 was taken, in which a region of cellular damage 
in the centre of the diaphragm may be demonstrated. Perhaps the term 
‘fatigue’ should be reserved for conditions in which it may be employed in its 
original context, for example, in the analysis of the behaviour of the adductor 
pollicis muscle in human subjects as described by Merton (1954). 

The limitations discussed above necessitate the use of low rates of stimula- 
tion for brief periods. Under these conditions there was no detectable increase 
of potassium influx, while the rate of outward movement increased by some 
23%. Noonan, Fenn & Haege (1941) also found no change in the rate of in- 
ward movement of labelled potassium in isolated frog muscles stimulated once 
per second for 1 hr. Keynes (1951) used 100 impulses/sec in the case of Sepia 
axons and found a small increase of inward movement of 0-39 pmoles/cm?/ 
impulse, accompanied by a larger increase in outward movement of 4-7 pmoles/ 
cm?/impulse. Hodgkin & Keynes (1955) have obtained evidence that the 
potassium movements in these two directions are not independent, and they 
have considered that ‘...the interaction between the influx and the efflux of 
potassium. ..makes it difficult for external ions to enter against a predominant 
stream coming in the opposite direction.’ Such sooner cated may well apply 
also to mammalian muscle. 

The interpretation of the quantitative results is complicated by large cor- 
rections which are necessary to allow for the effects of interfibre diffusion. 
Two independent methods of correcting the results have been published, one 
by Harris & Burn (1949), the other by Keynes (1954). It was at one time 
thought that the two methods gave different results, but it can be shown that 
the two formulas are algebraically very similar (Creese et al. 1956). In the case 
of resting diaphragm muscle the mean exchange rate across the cell membrane 
is likely to be some 2 or 3 times the exchange rate for the muscle as a whole, 
and this large'correction introduces considerable uncertainty into the estimates 
of the resting potassium flux and also into the net potassium loss per contraction. 

The estimated net potassium loss accompanying a twitch is 11 pmoles per 
unit area, and this value is somewhat larger than that obtained in the case of 
the action potential of crustacean nerve axons (Keynes, 1951), though of the 
same order of magnitude. In muscle the impulse appears to travel not only 
along the surface of the fibre but also radially along the Z membrane or other 
transverse structure to excite the contractile elements (Huxley, 1957) and it 
is possible that this longer path may contribute to the comparatively large 
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net change of potassium. Since the net loss of potassium is of the same order 
of magnitude per unit area as that found for certain nerve axons, it is possible 
that simple conduction of the electric disturbance is sufficient to account for 
this ionic change, without invoking the contractile process as a possible cause 
of potassium loss. The actual fall in concentration of potassium when averaged 
for the whole fibre is very small, of the order of 0-035 mm for a single twitch. 


SUMMARY 


1. Isolated rat diaphagm when stimulated at 2/sec showed an increase of 
23% in the rate of outward movement of “K, this being measured in the 
saline coming from the muscle during the first few minutes of stimulation. No 
change in inward movement of “K was detected during stimulation. 

2. The calculated net outward movement of potassium at 38°C was 
11 pmoles/cm?/contraction. This estimation is dependent on large corrections 
for the effect of interfibre diffusion. | 

3, During stimulation at 2/sec the extra-fibre space and the apparent 
diffusion coefficient of inulin were similar to values obtained for resting muscle. 

4. Continued stimulation at 2/sec produced a fall in twitch tension, loss of 
potassium, contracture, and depolarization of fibres in the depths of the 
muscle, as shown by intracellular electrodes. These findings resembled the 
effects of anoxia. : 


The expenses of this work have been met by the Central Research Fund of the University of 
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Taylor, University of California. Professor J. L. D’Silva kindly read the manuscript and advised 
on the presentation. : 
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THE AGEING OF RED CELLS 


By T. A. J. PRANKERD 


From the Medical Unit, University College Hospital Medical School, 
London, W.0.1 


(Received 17 April 1958)’ 


Ever since the demonstration of the uniform life span of the red cell from the 
linear curve of disappearance of transfused normal cells in healthy recipients, 
‘it has been clear that their disappearance from the circulation is a result of an 
ageing process. Many people have looked for differences in behaviour and 
constitution which might reflect the heterogenous nature of the cells of a normal 
blood sample. | 
Differences in density between reticulocytes and mature red cells have been 
‘known for some time, and it has been claimed that by centrifugation young | 
and old cells can be separated (Borun, Figueroa & Perry, 1957). In the present 
investigation blood samples were centrifuged in 30% bovine albumen, a 
- medium in which it was found that small differences in red cell density were 
readily demonstrable, and the cells at different depths of the centrifuged 
column were analysed by a variety of chemical procedures. 


METHODS 


Twenty millilitres of blood was taken from donors into 10% ethylenediamine tetra-acetic acid 
(EDTA) and centrifuged at 2000 g for 10 min. The supernatant plasma and white cell layer were 
removed and the packed cells mixed with an equal volume of 30% bovine albumen in a narrow 
tube (diam. 1-0 cm.), When fully suspended the mixture was centrifuged at 40009 for 10 min 
and then at 10,000 g for 5 min at 4° C. After this the supernatant plasma was completely removed 
with a fine pipette and appropriate samples of cells withdrawn from the top and bottom of the 
column of packed cells. These samples were finally recentrifuged under the same conditions and 
a top fraction from the original top sample, and a bottom fraction from the original bottom 
sample, used for analyses. 

we labelling of cella. Healthy donors were given 7:5 ye of FeCl, intravenously and blood | 
taken from them 5 days after injection. At this time 90% of the radio-iron is found in circulating 
_ red cells (Joske, McAlister & Prankerd, 1956). The blood was then treated as above. After centri- 
4 fuging at 10,000 g, 0-5 ml. of packed cells was removed from both top and bottom of the cell 
column. These were haemolysed in 3-5 ml. of water and their radioactivity assayed in a well-type 
scintillation counter; at least 1000 counts were recorded on each sample. To correct for any 
discrepancy between the packing of cells at the top and bottom of the centrifuged column the 
- haemoglobin concentration of the final solution of haemolysed cells was estimated aoe cyan- 
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haematin method of King & Gilchrist (1947). These haemoglobin concentrations were usually in 
close agreement. When there was a difference in haemoglobin concentration between the cell 
suspensions it was assumed that this was due to variable cell packing, and the final cell analyses 
were corrected to comparable cell concentrations. ; 

Osmotic fragility. After centrifuging the cells at 10,000 g and removing the supernatant fluid, 
0-25 ml. of cells was removed from the top and bottom of the centrifuged column and added to 
0-25 ml. of bovine albumen. The suspension was well mixed and then one drop was added to a 
series of saline solutions ranging from 0-85 to 0-2% NaCl. These were stored at 4° C during the 
night, and the following day, after they had been gently mixed and then centrifuged, the degree of 
haemolysis at different saline concentrations was estimated in the supernatant by the cyan- 
haematin method. 

The same procedure for estimating osmotic fragility was also carried out on the cells after they 
had been removed from the centrifuged column, suspended in their original plasma under sterile 
conditions and incubated at 37° C for 24 hr. 

Phosphate esters. 0-5 ml. of packed cells was removed from the centrifuged column of cells and 
the phosphate esters extracted from these with 10% trichloroacetic acid and analysed by methods 
previously described (Prankerd & Altman, 1954). The error of duplicate estimations by these 
methods is +5%. | | , 
_ Sodium and potassium estimations. 0-25 ml. of cells removed from the centrifuged column was 
suspended in 10 ml. isotonic saline in graduated receptacles (Harris & Prankerd, 1953) and the 
cells recentrifuged at 3000 g for 10 min. The supernatant was removed and the receptacle carefully 
washed with distilled water which was gently drawn over the surface of the centrifuged cells. No 
haemolysis occurs during this operation (Harris & Prankerd, 1953). After drying the receptacle 
with absorbent paper the cells were haemolysed in distilled water and their Na and K contents 
estimated by flame photometry using an ‘EEL’ flame photometer. The standard error of these 
estimations on five samples of blood was Na +0°75%, K +0-61%. 

Lipid analyses. 1-0 ml, of packed cells was removed from the top and bottom of the centrifuged 
column and extracted in 25 ml. of ethanol: ether (2:1) at room temperature for 12 hr. The extract 
was made up to standard volume and filtered and the filtrate analysed for total fat by drying to 
constant weight, cholesterol by the method of Bloor (1916), phospholipids by the method of 
Youngberg & Youngberg (1930) and lipid nitrogen by the method of Koch & McMeekin (1924). 
_ Glutathione. This was estimated in 0-5 ml. of packed cells removed from the top and bottom of 
the centrifuged column. The method used was that of Grunest & Phillips (1951). 


RESULTS 

To bring out any differences in density between the heterogeneous group of 
red cells obtained at venepuncture the previously packed cells were resus- 
pended in 30% albumen, the sp.gr. of which closely approximates to that of 
red cells. This was found to prove more effective than saline in establishing 
- a density gradient from the top to the bottom of a column of packed cells. 

The density differences between cells containing Fe at varying stages after 
the injection of the isotope are shown in Table 1. No isotopic iron exchanges 
with the haemoglobin of mature circulating cells (Hahn, Bale, Ross, Hettig 
& Whipple, 1940), and after injection it starts to appear in newly formed 
mature cells after 2-3 days (Joske et al. 1956). Labelled cells appear to be 
lighter than unlabelled cells and the radioactivity is concentrated in the upper 
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part of the centrifuged column. As 95% of the injected radioactivity is in newly 
formed red cells at the end of 5 days, any change in density of these cells as 


they age will be apparent from the radioactivity descending the column of 
packed cells. This was found to occur. 


Taste 1. Distribution of radioactivity in top and bottom layers of column of centrifuged red cells 


90-105 days after 
5 days after injection of **Fe injection of Fe 


% total Counte/min/ml. total 
counts cells counts 
Counts/min/m]. _in column (corrected for in column 


Sample cells of cells decay) of cells 
1 Top 914 eo 104 6 
Bottom 179 11 663 41 
2 Top ies 57 251 19 
Bottom 102 125 55 
3 Top 1150 64 345 19 
Bottom 96 6 986 55 
4 Top 954 50 188 10 
Bottom 121 541 
5 Top 641 47 91 4 
Bottom 182 3 499 36 
Osmotic fragilities 


Only slight differences in osmotic fragilities were found on testing cell 


_ suspensions from the top and bottom of the centrifuged cell column (Table 2a), 


but differences could be brought out by incubating the cells resuspended in — 
their own plasma under sterile conditions. During this procedure cells gain _ 
total base, mainly sodium, with some loss of potassium, and as a result undergo 


_ a degree of swelling and therefore become haemolysed more readily in higher 


concentrations of saline (Selwyn & Dacie, 1954). It appears that the swelling 
that occurs is different in degree between old and young cells under these 
conditions (Table 2), the younger cells swelling less and showing less increase 


_ In osmotic fragility. Thus they would appear to be more resistant to any 


electrolyte changes brought about by incubation. 


| Phosphate esters 
It was expected that the resistance to the cation changes found during | 


incubation might be reflected in the cells by differing metabolic activities 
j which might be detected by analyses of phosphate esters within the different 
layers of cells. However, Table 3 shows that no such difference could be found. 


Sodium and potassvum content 
In looking for a cause of the density differences between young and old cells 
__ it was decided to estimate their cation content. Differences in this respect of 
_ different layers of centrifuged cells were found. Thus there was a greater 
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content of Na in the lower and presumably older cells (Table 4), whilst in 
younger cells the K content was greater. These changes are small, however, 
and not likely to contribute much towards the density differences. 


Lipid analyses 
A more likely cause for the differences in densities was detected in the lipid 
contents of cells at the top and bottom of the centrifuged column. Cells at the 


TaBLE 2a. Osmotic fragility of top and bottom layers of unincubated blood 


Saline concentration (%)... 06 055 O58 046 O04 035 03 
Sample 

1 Top _ — 8 8 8s £100 

Bot — — 10 58 8 98 100 

2 Top — — 82 99 99 

Bottom — — — 6 8 88 £100 

3 Top — 30 8 9 # £100 

Bottom — — 6 6 990 100 #4100 

4 Top — 4 90 9 100 

— 12 92 #«100 

5 Top — — 2 86 #100 

— 8 94 100 


Figures represent percentage of cells haemolysed. 
TaB_Le 2b. Osmotic fragility of top and bottom layers of blood after 24 hr incubation | 


Saline concentration (%) ... 0-7 065 06 055 O58 045 O04 035 0:3 
Sample 

1 Top — 12 30. 5 9 £496 96 

2 Top as 5 12 46 6 9 9 #100 #100 

Bottom 2 6 100 100 100 

3 Top 7 56 98 9 98 100 

Bottom — 28 9 9 100 #100 

4 Top — 20 4 100 100 100 

Bottom — 10 46 6 90 96 100. 100 

5 Top —' 8 24 88 95 100 100 

Bottom —- bb 6 96 95 100 100 


Tas_z 3, Phosphate ester contents of red cells fromi top and bottom layers 


of centrifuged column of red cells 
Sample DPG ATP ADP IP 
2 Top 170 39 10 
Bottom 
3 Top & 
Bottom le 
5 Top 150 12 28 
166 


Values given as ug P/ml. packed cells. 
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bottom of the column consistently had rather less lipid per unit packed cell 


than those at the top and the deficit appeared largely to be in the phospholipid 
fraction (Table 5). 


TaBie 4. Sodium and potassium content of red cells from top and bottom layers 


of centrifuged column 
Sample Na K 
1 Top 153 122-4 
Bottom 208 107-8 
Top 196 112-1 
Bottom 23-0 96-4 
Top 16-4 115-7 


Bottom 19-5 108-3 
Top 120 1128 
Bottom 17-3 100-2 
126 119-7 
Bottom 18-4 109-0 


Values given as m-equiv cation/I. cells. 


ao 


TaBE 5. Lipid content of red cells from top and bottom layers of centrifuged column 


Sample Total lipid Cholesterol § Lipid P Lipid N 
1 Top 11-5 1-39 0-110 0-088 » 
Bottom 9-0 1-34 0-95 0-083 
2 Top . 11-0 1-39 0-132 0-134 
Bottom 10-5 1-22 0-96 0-087 » 
3 Top 12-5 1-33 0-110 0-150 
Bottom 1-24 0-87 0-105 
4 Top 11-5 1-30 0-117 | 0-096 
Bottom 10-5 1-31 0-89 0-112 
5 Top 125 1-37 0-121 0-091 
_ Bottom 12-0 1-26 0-104 0-103 
Mean normal 120405  1-2840-:06 0-105+0-003 0-1240-02 
values +8.E. 
Values given as mg/ml. cells. 


TABLE 6. Glutathione concentration of top and bottom vba 


of red cells from centrifuged column 
Sample ... (1) (2) (3) 
Top 73 Top 64 
Bottom 86 Bottom 57 Bottom 60 


Values as mg/100 ml. red cells. 


Glutathione 
Glutathione was estimated in the different layers of centrifuged cells Lsinieie 
there is evidence that it is an important factor in certain haemolytic anaemias 
(Beutler, Dern, Flanagan & Alving, 1955) and Fegler has claimed that it is an 
important factor in red cell stability. The results, showing no difference 
between top and bottom layers of cells, are given in Table 6. 
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DISCUSSION 


The distribution of 5*Fe in the column of centrifuged red cells clearly shows 
that the method is a satisfactory means of separating old from young cells, 
and that the top 0-5 ml. of cells consists mainly of cells not more than 5 days 
old. As these cells age they become more dense and ultimately sink to the 
bottom of the centrifuged column. The cause of the differences in density of 
the two groups of cells would appear to lie in their different lipid content. 

Younger cells have appreciably more lipid, which makes them lighter than 
older cells which have lost lipid. The lipid lost appears to be largely phospho- 
lipid. Chromatography of the phospholipids of old and young cells does not, 
however, show the loss of any one specific phospholipid, but a general decrease 
in all fractions (Prankerd, unpublished). 

In considering how these changes are brought about, a factor common to 
both could be a decrease in energy potential within the cell. It is well known 
that the uptake of potassium and extrusion of sodium are metabolically 
controlled processes and if metabolism is stopped the concentration of red cell 
cations alters in a manner similar to, but to a greater extent than, those 
_ observed here. Furthermore, there is evidence from experiments with labelled 
acetate that lipid synthesis can occur in the mature red cell and that the 
acetate is largely incorporated in the phospholipid fraction (Altman, 1953). 
Thus both the observed changes could be a result of falling energy potential 
within the cell. However, when one looks for evidence of this by examining 
intracellular phosphate esters there does not appear to be any observable 
change in nucleotide phosphate concentration, or such changes as a fall in 
2:3-diphosphoglycerate and increase in organic phosphate which are commonly 
found in metabolically ailing cells (Prankerd & Altman, 1954). This may 
appear surprising, as Gabrio & Finch (1954) have reported differences in 
hydrolysable phosphate partition in cell populations with a young age distri- 
bution, produced by bleeding. 

Finally, some further indirect light is cast on the changes in young cells by 
the results of the osmotic fragility tests. Immediately after separation the 
osmotic fragility patterns of the two groups of cells are very similar, but if the 
cells are incubated in their original plasma for 24 hr changes occur which 
increase to a greater extent the osmotic fragility of the older cells (Selwyn & 
Dacie, 1954); if it is accepted that the osmotic fragility test measures the 
diameter : thickness ratio of the cell, then clearly there has been no swelling as 
the cells aged in vivo. The changes occurring in red cells, on incubation in vitro 
for 24 hr, are partly known. Once all available glucose has been used the cell 
utilizes its own energy stores (Prankerd & Altman, 1954); as these fall the 
ability of the cell to maintain its normal cation concentration gradients fails 
and it swells. At the end of 24 hr there has been about 30% swelling (Selwyn 
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& Dacie, 1954). The osmotic fragility test after incubation may therefore be 
regarded as one of metabolic endurance. It would appear that the aged cell 
has less endurance than the younger in this respect. 


The principal cause of the removal of aged red cells from the circulation 
remains a mystery, but it is possible that the loss of lipid associated with age 
is an important factor, as cells artificially denuded of lipid survive but a short 
time after transfusion (Harris, McAlister & Prankerd, 1957). 


SUMMARY 

1. Red cells of differing ages have been separated by centrifuging in 30° 
albumen solution. The separation has been confirmed by labelling with *°Fe. 

2. Young cells are less dense than old cells, owing to an increase in lipid 
content, and are found mainly at the top of a centrifuged column of cells. 

3. Young cells contain more potassium and less sodium than old cells, but 
there is no difference in phosphate ester or glutathione content. 

4. Osmotic fragility of young and old cells is similar, but after incubation 
old cells are more fragile. 
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CIRCULATORY CHANGES IN THE FOREARM DURING 
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*%Na CLEARANCE AND BY PLETHYSMOGRAPHY 
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It has recently been shown that insulin hypoglycaemia is accompanied by an 
increased blood flow to the forearm both in intact and in recently sympathec- 
tomized limbs (Allwood,. Ginsburg & Paton, 1957), and also in subjects after 
bilateral adrenalectomy (Ginsburg & Paton, 1956). The way in which these 
changes in blood flow are brought about is not yet clear, although several 
possibilities have been mentioned (Allwood et al. 1957). Before evaluating these 
it was necessary to know whether the vasodilatation occurs in the forearm 
muscle, or in the skin, or in both. In order to find this out total forearm blood 
flow has been measured with the plethysmograph along with regional clear- 
ance of Na from forearm skin and muscle, both before and during insulin 
hypoglycaemia. Results of these experiments, which indicate that part of the 
forearm vasodilatation at this time is occurring in cutaneous vessels, are 
presented 1 in this paper, along with further experiments showing that this 
increase in skin blood iil is mediated mainly by vasodilator nerves. 


METHODS 


_ The subjects were healthy young adults aged between 20 and 32 years, the majority being students. 

They lay supine wearing light attire and were covered with a blanket. Room temperature for the 

series was 18-21° C, but was constant during any one experiment. With one exception, subjects 
had not eaten for 5 hr. 

_ Forearm blood flow was measured by venous occlusion plethysmography (Barcroft & Swan, 
1953). Plethysmographs were filled with water maintained at 341°C. Flow was recorded at 

half-minute intervals, stopping intermittently to release the occlusion cuff at the wrist. 

Changes in regional blood flow were followed by the Kety (1949) method. Radioactive sodium, 
%4Na, was given as isotonic NaCl solution, 0-02-0-08 ml. having an activity of 8-12 ye being 
injected intradermally or intramuscularly into the forearm. Clearance of **Na was followed with 
a Burndept directional scintillation counter connected to an Ekco rate-meter from which a 
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continuous record was obtained with a pen recorder, but latterly counts were read directly off the 
rate-meter at 1 min intervals. Collimation was used in earlier experiments but this was omitted 
in those involving two scintillation counters so that the crystal might be closer to the injection 
site. 
After correcting for background activity, and for decay of the isotope, counts were plotted on 
semilogarithmic paper against time. Regional clearance of “Na, when plotted this way, followed 
one exponential for the initial 15 min, When counting continued beyond this, as was shown by 
Franke, Boatman, George & Moses (1950) and subsequently noted by others, **Na clearance usually 
_ followed more than one exponential. This made it difficult to compare **Na clearance before and 
during insulin hypoglycaemia by comparing the clearance constants, for two or more constants 
were obtained during the control period. Therefore changes in clearance have been studied by 
comparing the half-clearance time—T7'} (Wisham, Yalow & Freund, 1951) for the 10 min periods 
immediately preceding and following the onset of hypoglycaemic symptoms. 
Samples for blood sugar estimations by the Hagedorn-Jensen method were taken before and 
30 min after giving insulin. Blood pressure and pulse rate were recorded at intervals. 


Procedure 


Two series of experiments were performed. 

In the first series the forearm blood flow was determined plethy hically in one arm, 
while regional clearance of **Na was followed concurrently in the opposite arm. The subjects lay 
_ supine for 20 min before recording. After resting forearm blood flow and regional isotope clearance 
had been followed for 10 min or longer, soluble insulin, 20 i.u., was given intravenously, “_ pens 
ing then continued until the level of radioactivity became too low for reliable cleara 
This was usually about 60 min after injecting the isotope. During this time, usually 25 min 
after insulin, the subject developed a moderate hypoglycaemic reaction with spontaneous re- 
covery towards the end of the experiment. 

In the second series of experiments the isotope was injected intradermally into both forearms 
and the clearance from both sites followed concurrently. After resting clearance had been 


recorded for 10-15 min insulin 20 i.u. was injected intravenously. After recording for a further 


10 min the cutaneous nerves to the skin surrounding the depot of **Na in one forearm were blocked 
and clearance from both arms then followed for approximately 30 min more. During this time, 
usually 25 min after insulin, the subject had a moderate hypoglycaemic reaction, recovering 
spontaneously towards the end of the experiment. Blockade of the cutaneous nerves involved 
- moving the counter on that side. It was replaced in a similar position, but the geometric relation- 
ship to the isotope was not always maintained, so that in some records subsequent counts fell 
along a continuation of the previous slope but in others there was a discontinuity. 


RESULTS 
MN a clearance from skin and forearm blood flow 


In five subjects the clearance of **Na given intradermally on the dorsum of one 
forearm was measured concurrently with blood flow in the opposite forearm. 
In another subject Na clearance and blood flow were measured under similar 
conditions in the same forearm, but at different times. Results 1 in a typical 
experiment are shown in Fig. 1. 

The half-clearance times immediately following injection of the isotope 
varied between 6 and 2] min. This had increased to 24-60 min for the 10 min 
period before symptoms appeared, but with the onset of the hypoglycaemic 
reaction 7} fell in each subject, the range now being 11:5-42 min Si 2). 
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Fig. 1. The effect of insulin hypoglycaemia on ®4Na clearance from forearm skin (above) and on 


Fig. 


forearm blood flow (below) in one subject. 20 i.u. insulin given 1.v. at first arrow; onset of 
hypoglycaemic reaction at second arrow. Varying slopes in the clearance curve, with ap- 
propriate half-clearance times (min), are indicated; upper ordinate, log scale. 
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2. The effect of insulin hypoglycaemia on *4Na clearance from forearm skin (Mm) and on 
forearm blood flow (@) in six subjects. Each point represents the average of blood flow 
determinations over 5 min; rectangles represent the half-clearance time over 10 min. 20 i.u. 
insulin given 1.v. at time 0. | 


5 Insulin 
= 
be 
2 
1 
an 
BS? 
ce, 
4 
> 


FOREARM VASODILATATION AND H YPOGL YCAEMIA 335 


The mean half-clearance time before the reaction was 44 min falling to 24 min 
after symptoms, a difference between means which is significant (t=3-79; 
P<0-05). | 

Resting forearm blood flow measured plethysmographically during this 
time varied between subjects from 1-4 to 4-5 ml./100 ml./min and remained 
approximately constant until the onset of the reaction when it invariably 
increased (Fig. 2). Mean forearm flow before insulin was 2-2 ml.; for the 10 min 
before the onset of symptoms it was 2-7 ml., increasing to 5-8 ml./100 ml./min 
during the 10 min after the onset of symptoms. The difference between the 
means before and after the onset of symptoms is highly significant (t =6-57; 
P<0-01). 
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Fig. 3. The effect of insulin hypoglycaemia on **Na clearance from forearm muscle (MM) and on 
forearm blood flow (@) in eight subjects. The subject represented by the first graph had no 
reaction. Symbols as in Fig. 2. | 


Na clearance from muscle and forearm blood flow — 
_ These were measured concurrently in experiments on eight subjects (Fig. 3). 
All received insulin intravenously, but one subject who had eaten a snack 

lunch 2 hr previously failed to develop a hypoglycaemic reaction. 
Half-clearance times immediately following intramuscular injection of the 
isotope varied between 6 and 18 min, increasing to between 9 and 25 min 
during the 10 min preceding the onset of hypoglycaemic symptoms. Five of 
the seven subjects who had a reaction then showed a fall in 7} to 8-13 min. 
The other two subjects had a slight and a marked increase in half-clearance 
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times. The mean value for 7} during the 10 min following symptoms was 
17 min compared with 18 min before the onset of symptoms, a difference 
between means which is not significant (t=0-475; P~0-6). The subject who 
had no hypoglycaemic reaction showed a fairly constant 7'} of 16 min initially, 
increasing slightly to 18 min. 

Resting forearm blood flow in these subjects was relatively constant until 
the onset of hypoglycaemia, but the range (1-7—9-3 ml./100 ml./min) and mean 
flow (4-0 ml.) was greater than in the previous group, owing mainly to one 
abnormally high resting value (9-3 ml.). The mean flow for the 10 min before 
insulin was 4-0 ml./100 ml./min, and this was unchanged for the 10 min 
period before the onset of symptoms. With the onset of the reaction forearm 
flow increased in all subjects to an average of 7-8 ml./100 ml./min. The dif- 
ference between means for the 10 min before and after the appearance of 
symptoms is significant (t=5-69; P<0-01). 


Cutaneous nerve block and “Na clearance from forearm skin 


In eight experiments on different. subjects the local clearance of “Na 
injected intradermally was followed simultaneously from intact and from 
nerve-blocked skin. Surface contamination with the isotope in one experiment, 
and a defect in the recording apparatus in another experiment, vitiated two 
pairs of results, but the records from the contralateral forearms were satis- 
factory and are included. | 3 

The resting half-clearance times were generally similar in the two forearms, 
although two subjects showed differences of 50%. Following cutaneous nerve 
block to an area surrounding the isotope there appeared to be no difference 
in the behaviour of the two sides, both sides showing a progressive increase in 
T} as the experiment progressed. Half-clearance times in the control and 
nerve-blocked arms are summarized in Table 1; there was no significant 
difference between the two sides. In no experiment was there an increase 
in clearance (indicated by a diminished 74) following blockade of cutaneous 

nerves. 


Cutaneous nerve block and *Na clearance during hypoglycaemia 

Six subjects had moderate hypoglycaemic reactions commencing approxi- 
mately 25 min after insulin, one subject had a mild reaction (‘ hunger’, etc.) 
without cardiovascular involvement, and one subject had no reaction. Re- 
sults in one subject who had a good reaction are shown in Fig. 4. Before 
the onset of hypoglycaemia the clearance from both forearms ran approxi- 
mately parallel, 74 increasing on both sides as the experiment progressed. 
Following local anaesthesia there was a discontinuity in the absolute value 
of counts on the blocked side, but the rate of clearance was still roughly 
parallel in the two arms. With the onset of the hypoglycaemic reaction there 
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was a reversal of the previous trend in the control limb, T'} now diminishing 
indicating an increase in clearance. This increase in clearance did not bear 
on the nerve-blocked side. Two other experiments gave similar results, and _ 
in two more there was a brief increase in clearance from the control side which 
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Wig. 4. “Na clearance from forearm skin in the control (©) and treated (@) arm in one subject. 
20 i.u. insulin given 1.v. at first arrow; blockade of cutaneous nerves in treated limb at second 
arrow; onset of hypoglycaemic symptoms at final arrow. 


Tas.z 1. Comparison of half-clearance times (‘7}) of radiosodium from skin in control and treated 
forearms before and after blockade of cutaneous nerves, ‘t’ has been calculated from the 
mean difference in 7'} after blockade in control and treated limbs 


Half-clearance time from skin 7'} (min) 


Control arm Nerve-blocked arm 
Before After Before 
Subject Blocking blocking blocking blocking 

H.B 75 26:5 75 29-0 
R.C 11-8 22-0 
M.M 17-0 46-0 17-0 35:5 
C.R — 17-0 44-5 
R.P 5-0 9-0 6-0 15-0 
R.F 19-5 27-0 16-5 41-5 
A.D 28-0 28-0 18-5 18-0 
H.C 7-0 5-0 8-0 9-5 


t=0-83, P~0-4. 
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is not shown by taking 7'} over a 10 min period. One subject who had a reac- 
tion had no change in clearance. In no case was there an increased clearance 
during hypoglycaemia from the nerve-blocked side. Half-clearance times 
before and after the onset of symptoms in the control and cutaneous nerve- 
blocked forearms are given in Table 2. In the one subject who had no reaction, 
clearance from the two arms remained approximately parallel until recording 
finished. 


Tau 2. Comparison of half-clearance times '} of radiosodium from skin in control and treated 
- forearms before and after the onset of insulin hypoglycaemia 


Half-clearance time from skin 7'} (min) 


Control arm Nerve-blocked arm 
‘Before After ‘Before After 
Subject reaction reaction reaction reaction 
H.B 35-5 — 20-0 29-0 31-5 
R.C. 22-0 22-0* 
M.M 46-0 11-5 35:5 35-5 
C.R — 44-5 44-5 
R.P 20-5 20-5* 15-0 
R.F 27-0 27-0t 41-5 41-5t 
A.D 28-0 28-0 18-0 
H.C 70 5-0 8-0 9-5 
¢=1-87, P< 0-1. 


* An increased clearance of short duration (‘brief’) not affecting the half-clearance time. 


Blood sugar, pulse rate and blood pressure 

These were not studied in detail in these experiments. Excluding the siehiaet 
who had eaten, the blood sugar initially varied between 88-98 mg/100 ml., 
falling 30 min after insulin to 28-36 me/ 100 ml. Mean values were 92 and 
32 mg/100 ml. respectively. | 

The pulse rate during the control ciel varied from subject to subject 
between 56-78 beats/min. During hypoglycaemia there was an increase in all 
subjects, the range now being 72~110/min. Mean values were 66 and -— 
respectively. 

Blood pressure at rest varied with subjects between 100/60 and 125/80 mm 
Hg. During hypoglycaemia the pulse pressure invariably increased, the new 
range of blood pressure being 120/60 and 175/25 mm Hg with a mean of 135/ 
48 mm Hg. Blood pressure measurements in the arm interfered with forearm 
blood flow, so they were not taken during the first 10 min of hypoglycaemia 
while changes in flow were being recorded. In view of the rapid recovery 
from the reaction in many subjects the changes in blood pressure were probably : 
not at their maximum when the pressures were measured. 
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DISCUSSION 

Plethysmographic determination of total forearm blood flow, and regional 
clearance of “Na, measure two different aspects of the peripheral circulation. 
Results so obtained should not be expected to run parallel (McGire, 1952). No 
attempt has therefore been made to calibrate one against the other as sug- 
gested by Walder (1955). The techniques are here regarded as complementary ; 
the one to give a quantitative value of the blood-flow changes with hypo- 
glycaemia, the other to indicate the tissues in which a change in flow occurs. 

The fall in blood sugar, and the change in blood pressure and pulse rate 
during insulin hypoglycaemia are similar to those previously published 
(Ernstene & Altschule, 1931; French & Kilpatrick, 1955). The time of onset of 
the reaction was a little sooner after insulin in this series than in that of 
Allwood et al. (1957), probably owing to the present subjects having fasted a 
little longer. | | 

The change in forearm blood flow, measured plethysmographically, was 
similar to that in earlier series (Abramson, Schkloven, Matgolis & Mirsky, 
1939; French & Kilpatrick, 1955; Allwood e¢ al. 1957), although the onset was 
about 5 min earlier than in that of Allwood et al. (1957) as already mentioned. 

We have no satisfactory explanation for isotope clearance, both from skin 
and from muscle, following more than one exponential during the resting 
period. Franke et al. (1950), who first described this, did not correct counts 
for body background activity which may become appreciable towards the end 
of experiments when the total activity remaining at the injection site is 
becoming low. Barron, Veall & Arnott (1951) published clearance curves 
similar to ours, but attributed a gradual change in slope to psychological factors, 
or, if the change in slope was abrupt, to interference with the blood supply. 
The intradermal injection brought up a small bleb in about half our experi- 
ments, so the suggestion of Boatman, Kendrick, Franke & Moses (1950) that 
clearance initially is increased owing to tissue turgescence seemed feasible. 
However, J. M. Crismon (personal communication) has found two exponentials 
when the isotope was introduced into the skin by electrophoresis. This would 
appear to exclude change in tissue tension as a contributory factor. 

Whatever the reason for the diminished clearance as experiments progressed, 
the reversal of this trend and increase in clearance from skin commencing at 
the same time as the increase in total forearm flow must indicate that part of 
the change in flow is occurring in cutaneous blood vessels. A vasodilatation 
in the skin during hypoglycaemia is consistent with results previously obtained 
in the intact hand. However, it could not be inferred from experiments on the 
hand, for vasomotor control in hand and forearm skin is known to differ (Grant 
_ & Holling, 1938; Roddie, Shepherd & Whelan, 19574; Edholm, Fox & Mac- 
pherson, 1957). 3 
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The results of clearance from muscle are inconclusive, for although five 
out of seven subjects showed an increased clearance during the reaction the 
mean increase was not significant. Collateral evidence from plasma adrena- 
line estimations (Holzbauer & Vogt, 1954) and from changes in blood flow 
in the sympathectomized forearm (Allwood ef al. 1957) suggests that muscle 
vessels dilate at this time, and this has now been confirmed using another 
technique (M. J. Allwood, H. Hensel & J. Papenberg, unpublished). 

The absence of any demonstrable change in clearance following blockade 
of cutaneous nerves, compared with that from the control limb, confirms pre- 
vious observations (Grant & Holling, 1938; Doupe, Cullen & Macaulay, 1943; 
Edholm et al. 1957) that cutaneous blood vessels in the forearm at rest are 
under little or no vasoconstrictor tone. The vasoconstrictor component 
observed by Roddie, Shepherd & Whelan (1957) in forearm skin is either too 
small to be revealed by this technique, or, as suggested by Edholm et al. 
(1957) the difference might be explained by the temperature conditions em- 
ployed (our subjects were comfortably warm beneath a blanket). 

The absence from nerve-blocked skin of the vasodilatation seen in normally 
innervated cutaneous vessels during insulin hypoglycaemia is evidence that 
this response in forearm skin is mediated by vasodilator nerve fibres. The 
vasodilator response in the hand has previously been shown to depend upon 
an intact sympathetic nerve supply (Allwood et al. 1957), but the role of 
vasodilator nerve fibres was not then investigated. A further similarity was 
the absence of a vasodilator response in one subject who had a hypoglycaemic — 
reaction, for vasodilatation in the hand.is not invariable. Either vasodilator 
nerve fibres to forearm skin are not always involved during hypoglycaemia, 
or the normal vasodilator mechanism may be overcome by vasoconstriction 
due to concomitant adrenaline release. 

The circulatory changes during insulin hypoglycaemia show similarities to 
those which occur on indirect heating. The major part of the vasodilatation 
in forearm skin during indirect heating is mediated by cutaneous vasodilator 
nerves, the vasodilator mechanism almost certainly involving the polypeptide 
bradykinin produced as a result of sweat gland activity (Fox & Hilton, 1956, 
1957). Sweating is usually a prominent feature of insulin hypoglycaemia. The 
possibility therefore arises that bradykinin release, or a similar mechanism, 
plays a part in cutaneous vasodilatation during hypoglycaemia. Sweating 
was absent from the skin. areas following cutaneous nerve block, while 
occurring elsewhere on the arms. Vasodilatation, likewise, did not occur 
during the reaction in the nerve-blocked skin. An association between sweat- 
gland activity and cutaneous vasodilatation is not proof of a causal relation- 
ship. The possible contribution of sweat-gland activity to vasodilatation in 
the hand and forearm during insulin hypoglycaemia is being investigated 
(M. J. Allwood & J. Ginsburg, unpublished). 
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SUMMARY 


1, Blood flow in the human forearm was measured plethysmographically 
concurrently with clearance of “Na from the opposite forearm, both before 
and during insulin hypoglycaemia. 

2. Forearm blood flow increased during hypoglycaemia, as did Na clear- 


_ ance from forearm skin. Changes in isotope clearance from forearm muscle at 


this time were not significant. 
3. Blockade of cutaneous nerves with 2° lignocaine did not influence the 


| resting clearance of *Na from nerve-blocked skin compared with that from the 


opposite (control) limb. 
4. Increased *Na clearance during insulin hypoglycaemia, which occurred 


in the control limb in the majority of experiments, did not occur from nerve- 
blocked skin. 


5. Results indicate that part of the increased blood flow which occurs in 
the intact forearm during insulin hypoglycaemia is located in cutaneous blood 


_ vessels. These blood vessels are normally under little or no vasoconstrictor 


tone. The increased skin flow during hypoglycaemia in the normal subject is 
mediated by vasodilator fibres in cutaneous nerves. 


We are indebted to the students who volunteered to act as subjects. We should also like to 
thank Miss K. Stevens, Miss R. Palmer and Mr P. Skinner for technical assistance, and Professor 
H. Barcroft, F.R.S,, for advice and encouragement. Certain expenses were defrayed by a grant 


from the Endowment Fund of St Thomas's Hospital. 
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THE EFFECTS OF CAROTID SINUS BARORECEPTOR 
REFLEXES ON PULMONARY ARTERIAL PRESSURE 
AND PULMONARY BLOOD FLOW IN THE DOG 


By M. pk BURGH DALY* ann C. P. LUCK+ 
From the Department of Physiology, University College London 


(Received 29 April 1958) 


The question as to whether carotid sinus baroreceptor reflexes modify cardiac — 


output is still a controversial one. The literature up to 1950 has been critically 
reviewed by Kenney, Neil & Schweitzer (1951). They found in dogs under 
pentobarbitone or chloralose anaesthesia that bilateral common carotid 
occlusion. variations in carotid sinus perfusion pressure or electrical stimula- 
tion of the carotid sinus nerve had no appreciable effect on cardiac output 
measured by the direct Fick method. In agreement with these results are 
the findings of Brind, Bianchine & Levy (1956) who tested the effects of carotid 
artery compression and those of Levy, Brind & Brandlin (1955) who acutely 
denervated the carotid sinuses and aortic arch. On the other hand, Bing, 
Thomas & Waples (1945) also using the direct Fick method, found that the 
same denervation procedures resulted in a 30-50% increase in cardiac output. 
- Using the Stewart dye dilution method of estimating cardiac output Leusen, 
Demeester & Bouckaert (1956) found that whereas lowering the carotid sinus 
perfusion pressure caused an increase in cardiac output, bilateral common 
carotid occlusion gave more variable results. 

Some observations of Daly & Schweitzer (1956) have a bearing on this sub- 
ject. They found that raising the pressure in the isolated perfused carotid 
"sinuses in the dog invariably caused a fall in pulmonary arterial pressure, and 
that a similar response occurred in preparations in which the heart and lungs 
__were denervated. Although this procedure would eliminate changes in pul- 
monary vascular resistance of nervous origin, it would not prevent those 


occurring passively through the reflex fall in systemic (bronchial) arterial 


blood pressure, which results in a redistribution of blood between the pul- 
_ Monary and bronchial vascular systems (Berry & I. de B. Daly, 1931; Daly 
_ & Daly, 1957). Since this passive mechanism in the entire animal usually 
* Locke Research Fellow of the Royal Society. 5 : 

+ Present address: Department of Physiology, Makerere College, University College of East 
_ Africa, Kampala, Uganda. | 
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results in an increase in pulmonary vascular resistance, it follows that the fall 
in pulmonary arterial pressure must be attributed to a reduction in pulmonary 
blood flow. 

Daly & Schweitzer (1956) also found that the fall in pulmonary arterial 
pressure which occurred on raising the carotid sinus pressure was often not 
well maintained, and the pressure gradually recovered, sometimes to its original 
level, A similar effect occurred in the cat (Agostoni, Chinnock & Daly, 1957). 
Furthermore, when the carotid sinus pressure was lowered to its original level 
after a test rise, an appreciable after-rise in pulmonary arterial pressure occur- 
red. To what extent these effects are due to changes in pulmonary blood flow 
is not known. 

The observations of Daly & Schweitzer (1956) and of Agostoni e¢ al. (1957) 
suggested that if changes in pulmonary blood flow were largely responsible for 
the observed pulmonary arterial pressure effects, then they were likely to be 
sizeable and to vary considerably within a few heart beats. The present in- 
vestigation was therefore carried out to study the reflex changes in mean 
pulmonary blood flow that occur in response to alterations in carotid sinus 
pressure made by a method which measures blood flow aca Se and 
continuously. 


METHODS 


Dogs varying in weight from 9-6 to 20-0 kg were anaesthetized with chloralose (0-1 g/kg body 
weight intravenously) preceded by morphine hydrochloride (1-2 mg/kg subcutaneously). In a 
few experiments the dogs received morphine hydrochloride (3 mg/kg subcutaneously) followed 
half an hour later by 0-25 ml./kg intravenously of a 1:1 mixture of Dial Compound (Ciba Labora- 
tories Ltd., diallylbarbituric acid 0-1 g and urethane 0-5 g/ml.) and pentobarbitone sodium (Nem- 
butal, Abbott Laboratories Ltd.). 

Both carotid sinuses were isolated from the circulation but their nerve supply was left 
intact. The carotid sinuses were perfused with heparinized dog’s blood by the pulsatile pressure 
technique described by Daly (1955). 


Measurement of pulmonary blood flow 

Blood flow was measured by means of Shipley & Wilson (1951) type of rotameters in which 
were incorporated the modifications described by Bell (1954). Three methods were used: 

(1) Pulmonary lobar blood flow. Blood flow to the left diaphragmatic lobe was measured using 
the method described by Hirlimann & Wiggers (1953) and by Daly (1957). Two cannulae were 
inserted in opposite directions into the pulmonary artery branch to the lobe and were connected 
to a rotameter. Thus blood from this branch of the pulmonary artery passed through the rota- _ 
meter before entering the lung lobe. It was found that changes in blood flow to one lobe reflect 
similar directional changes in total pulmonary blood flow. This was shown in experiments in 
which lobar blood flow and total pulmonary flow were measured simultaneously by means of two 
rotameters. 

(2) Total pulmonary blood flow. The method of measuring the blood flow through the main 
pulmonary artery was a modification of that described by Seely & Gregg (1950) and is shown 
diagrammatically in Fig. 1. The chest was opened by splitting the sternum in the mid line. The 
left pulmonary artery (a in Fig. 1) was tied close to its origin and a cannula was inserted into its 
distal portion. A wide-bore glass tube 5 was then inserted into the right ventricle via the right 
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auricular appendix and connected with a Hufnagel (1951) type of Perspex valve c, the rotameter 


d and the left pulmonary arterial cannula. Tube ¢ was clamped. The main artery 

now tied close to its division into the left and right the 
of the right ventricular output passed through the right ventricular cannula, Hufnagel valve 
rotameter and left lung. A wide-bore cannula h attached to tubs ¢ was then inserted into the main 
pulmonary artery towards the heart and the clamp on tube e was removed. Finally, the blood 
flow to the right lung was restored by inserting a Morawitz & Zahn (1912) type of cannula into 


P.A.P. 2 


oe?” 


Right ventricle 


ig. 1. Diagram illustrating the method of measuring total pulmonary blood flow. a, left pul- 


monary artery; 6, tube inserted through auricular appendix into right ventricle—when the 
flow was later re-established through the main pulmonary artery, this tube was withdrawn 
into the right atrium; c, Hufnagel (1951) type of non-return valve; d, rotameter; ¢, tube from 
main pulmonary artery cannula h; f, right pulmonary artery into which is inserted a Mora- 
witz & Zahn (1912) type of cannula; g, shunt across rotameter. This was opened to ‘zero’ 
the rotameter; P.A.P., pulmonary arterial pressure measured (1) proximal and (2) distal to 
rotameter. For details see text. 


the right pulmonary artery (f) and connecting it to the output side of the rotameter. Tube b was 
now clamped. The tip of the right ventricular cannula was then withdrawn into the atrium for the 
purpose of measuring right atrial pressure. : 
The Hufnagel valve inserted in the extracorporeal circuit prevented regurgitation of blood into 
the right ventricle, while the whole of the cardiac output was temporarily passing through the 
Tight ventricular cannula during cannulation of the main pulmonary artery. It could serve a 


: 
P.A.P. 1 
Pa 
~ 
ee ee 
4 
| 
h 
4 
| 
| 
a 
J 
é 
. 
3 


346 M. DE BURGH DALY AND C. P. LUCK 


similar function after completing the preparation if the pulmonary valves were inadvertently 
damaged or distorted by insertion of the main pulmonary artery cannula. 

(3) Combined blood flow through the superior and inferior venae cavae. In some experiments, 
the venous return, less the amount of blood returning to the right side of the heart from the 
coronary circulation, was measured by diverting the blood from the superior and inferior venae 
cavae through a rotameter before it entered the right atrium. The method is shown diagram- 
matically in Fig. 2. The chest was opened by resecting the fourth and fifth ribs on the right side. 


External 
jugular vein 


iliac veins} 


Right 
Superior * 
vena cava 
Fig. 2. Diagram illustrating method of measuring the combined blood flow through the superior 
and inferior venae cavae. a, rotameter; b, temporary shunt; c, cannula in inferior vena cava 
for returning to the right atrium blood which has passed through the rotameter; d, ligated 
vena azygos; e, shunt across rotameter—this was opened to ‘zero’ the rotameter. For details 
see text, 


The inferior vena cava was cannulated twice immediately above the junction of the common 
iliac veins as shown in Fig. 2. These two cannulae were temporarily connected via tube b to a 
cannula inserted into the central end of an external jugular vein. The inferior vena cava was then 
tied above the level of the diaphragm and a cannula (c) was inserted towards the heart, The inferior 
vena caval blood flow through the rotameter was thus established. While this procedure was 
being carried out, venous congestion in the lower half of the animal was minimized by allowing 
blood to run from the two cannulae above the common iliac veins to the right atrium via tube } 
and the external jugular vein, The distal end of the superior vena cava was then cannulated and 
connected to the inflow side of the rotameter. During cannulation, blood returning from the head 
reached the right atrium via the cannulated external jugular vein, shunt (b) and the rotameter. 
Finally, shunt (b) was clamped. The azygos vein was ligated. 

The rotameter used for measuring total pulmonary blood flow and vena caval flow had a 
range of blood flow from 0 to 3-21,/min. The pressure drop across the rotameter cannulae and 
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- eonnecting tubes was 2-5 cm H,O (1:75-3-75 mm Hg) over the whole range of blood flow. The 
_ values for the smaller rotameter used for measuring pulmonary lobar blood flow were 0-200 ml. / 
_ min and 3-5 em H,O (2-25-3-75 mm Hg), respectively. Blood flow was continucusly recorded on 
_ the kymograph by means of a direct-writing milliammeter (Bell, 1954; Daly, 1957). At the end of 
_ each experiment the animal was bled to death and the blood, maintained at 37° C, was used to 
_ calibrate the rotameter (Daly, 1957). No attempt was made to damp the oscillatory movement of 
_ the rotameter float by insertion of an expansion chamber on the inflow side of the instrument. 
_ Such a chamber causes blood volume changes in the circulation when alterations in pulmonary 
_ arterial pressure occur. Furthermore, the blood stored in it is likely to produce vasoactive sub- 
stances which would enter the circulation when pulmonary arterial pressure falls. 


Systemic blood pressure was measured from a femoral artery by means of a mercury or Hiirthle 


Y manometer. Pulmonary arterial pressure was measured from the distal (outflow) side and some- 
_ times from the proximal (inflow) side of the rotameter by small Marey tambours (Fig. 1). Left 
_ and right atrial pressures were recorded by means of conventional pressure-volume systems. 
_ Heart rate was measured by the method of Daly & Schweitzer (1950) using a Gaddum drop timer 
 (Gaddum & Kwiatkowski, 1938). 


Vascular resistance. The value for pulmonary vascular resistance (P.V.R.) was calculated from 


; the mean pulmonary arterial pressure (measured distal to the rotameter), mean left atrial pressure 
_ and pulmonary blood flow: : 


PVR _mean pulmonary arterial pressure minus mean left atrial pressure (mm Hg) 
pulmonary blood flow (ml./min) 
The value for total peripheral vascular resistance (T.P.R.) was calculated thus: 


‘TPR, — mean femoral minus mean right atrial pressure (mm Hg) 
| pulmonary blood flow (ml./min) 


The values for vascular resistance were expressed in convenient units representing the pressure _ 


necessary to force 1 ml. blood/min through the pulmonary or systemic circulation. 

Cardiac work. The external work of the right ventricle was calculated as follows: [Pulmonary 
arterial pressure minus right atrial pressure (mm Hg x 13-6)] x pulmonary blood flow. This was 
expressed in kg.m/min. Similarly, the external work of the left ventricle per minute was calculated 
thus: [Systemic blood pressure minus left atrial pressure (mm Hg x 13-6)} x pulmonary blood 
flow. For the purpose of this calculation it was assumed that the output of the two ventricles 


: was the same under steady-state conditions, 


Ventricular stroke work was calculated for each ventricle thus: 


external ventricular work (per minute) 
heart rate (beats/min) : 


: This was expressed in gram-metres/minute (g.m/min). 


Measurement of changes in pulmonary blood volume | 
As a guide to the changes in pulmonary blood volume, changes in the weight of the left dia- 


 phragmatic lobe were continuously recorded. The lung lobe was excised and placed on a Perspex 

_ weighing tray after re-establishing the connexions of the severed ends of the bronchus and of the 
pulmonary artery and vein. The Ferspex tray was suspended from a spring, the upper end of 
« which was fixed. The movement of the lower end of the spring was recorded on the kymograph by 
: connecting it with thread to a writing lever. The record obtained was calibrated at the end of 
_ each experiment by adding known weights to the tray while the lung lobe was still in place. 


Measurement of coronary sinus blood flow 
In two preparations a Morawitsz & Zahn (1912) type of cannula was inserted via the right auri- 


A cular appendix into the coronary sinus. The blood flow was measured continuously by means of a 
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rotameter as described above. The blood was returned to the animal via the right external jugular 
vein. 
In all experiments, coagulation of the blood was prevented by heparin (Liquemin, Roche 
Products, Ltd., 7-20 mg/kg). Heparinized blood from a second dog was used to fill the extra- 
Nerve sections 


Degenerative section of the upper part of the thoracic sympathetic chains was carried out under 
sodium pentobarbitone anaesthesia with full aseptic precautions. The stellate ganglion and 
sympathetic chain as far as T5 or T6 were removed on one side, followed 1 week later by a similar 
operation on the other side. In one animal the sympathetic chains down to T10 were removed. 


The final experiment was performed within 28 days of the first operation except in one experi- 
ment in which 51 days elapsed. 


RESULTS 


The effect of bilateral occlusion of the common carotid arteries was tested in 
two dogs in which pulmonary lobar blood flow was measured. In both dogs 
this resulted in tachycardia, a rise in systemic and pulmonary arterial blood 
pressures and an increasein pulmonary lobar blood flow. The pulmonary arterial 
pressure and blood flow then fell slightly, to reach a steady state in which the 
flow was still 14 and 18%, respectively, above the control values in the two 
experiments. Releasing the clamps on the common carotid arteries caused the 
pressures and blood flows to return to their original levels. If the cervical vago- 
sympathetic nerves were cut, the responses to carotid occlusion were enhanced. 

In both experiments, carotid occlusion caused no change in left atrial 
_ pressure, and therefore the pressure gradient across the pulmonary vascular 
bed increased. The pulmonary vascular resistance (Ap/flow) remained un- 
changed. These effects of carotid occlusion were abolished by division of the 
carotid sinus nerves. 

Effects of division of the carotid sinus nerves. This procedure resulted in a 
rise in pulmonary arterial pressure and an increase in pulmonary lobar blood 
flow and in the combined vena caval blood flow. In two such experiments 
lobar blood flow increased 13% and the vena caval blood flow 10%. In 
this last experiment only one carotid sinus nerve was cut, the other remaining 
intact. In preparations in which both cervical vagosympathetic nerves were 
cut, division of the carotid sinus nerves had larger effects on the systemic and — 
pulmonary arterial pressures and on blood flow. In three experiments, simu!- 
taneous section of both carotid sinus nerves caused increases of 21, 57, and 
82% in pulmonary lobar blood flow, respectively; in two other experiments, 
the combined vena caval blood flow increased by 10 and 30%. The responses 
occurring in two experiments are shown in Fig. 3. | 

In three vagotomized preparations in which pulmonary lobar blood flow was 
measured, section of the carotid sinus nerves resulted in a rise in left atrial 


S 
9 
4 
{ 
3 
4 
‘ 


CAROTID SINUS AND CARDIAC OUTPUT 349 


_ Fig. 3. Dog, 3, 21 kg. Morphine-chioralose. Positive pressure ventilation. Both cervical vago- 


sympathetic nerves divided. Perfusion of both isolated carotid sinuses. Measurement of 
pulmonary lobar blood flow. Atropine 5 mg. At signal, section of both carotid sinus nerves. 
B, Dog, g, 14:9 kg. Morphine-chloralose. Positive pressure ventilation. Both cervical 
vagosympathetic nerves divided. Perfusion of both isolated carotid sinuses. Measurement of 
combined superior and inferior vena caval blood flow. Decamethonium 10 mg. At signals, 
section of left and right carotid sinus nerves. In this and in subsequent figures: L.A.P. =left 
atrial pressure; R.A.P.=right atrial pressure; P.F.=total pulmonary blood flow; P.L.F. = 
pulmonary lobar blood flow; V.R. = venous return (combined blood flow through superior and 
inferior venae cavae); P.A.P. =pulmonary arterial pressure measured (1) proximal to rota- 
meter (2) distal to rotameter; C.S.P.=carotid sinus perfusion pressure; L.Wt.=lung lobe 


| weight; B.P.=systemic blood pressure; H.R. =heart rate. Time marker, 10 sec. 
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pressure which was smaller than the rise in pulmonary arterial pressure. The 
pressure gradient across the pulmonary vascular bed, therefore, increased. 
The pulmonary vascular resistance was reduced. 


_ Effects of stimulation of the carotid sinus baroreceptors 
In dogs under chloralose anaesthesia both carotid sinuses were isolated from 
the circulation and perfused with heparinized dog blood. It was found that a 
rise in mean carotid sinus perfusion pressure caused bradycardia and a fall in 
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Fig. 4. The effects of raising the carotid sinus perfusion pressure on (A) total pulmonary blood 
flow or combined superior and inferior vena caval blood flow, and (B) pulmonary lobar blood 


flow. The results of fourteen tests in six experiments are shown in A and of eleven tests in — 


five experiments in B. Both cervical vagosympathetic nerves intact. Closed circles (@), 
control values; open circles (©), values after raising the carotid sinus pressure. : 


systemic and pulmonary arterial pressures. The total pulmonary blood 
flow, combined vena caval blood flow and pulmonary lobar blood flow invari- 
ably diminished. The results of twenty-five tests in eleven experiments are 
summarized in Fig. 4. The pressure in the carotid sinuses was increased by 
20-140 mm Hg. The average reduction in total pulmonary blood flow or 
vena caval flow was 17-6 % (range 5-5-35 % ; fourteen tests in six experiments) 
and in pulmonary lobar blood flow was 21-0% (range 7-37-4%; eleven tests in 
five experiments). These effects are illustrated by the experiments shown in 
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Figs. 5 and 6A. The size of the reduction in pulmonary blood flow depended 
on the change produced in mean carotid sinus perfusion pressure. Thus 
svepwise Increases in sinus pressure caused progressive reductions in blood 
flow (Fig. 5C). 


Fig. 5. Dog, 3, 15-6 kg. Morphine-chloralose. Positive pressure ventilation. Perfusion of both 
isolated carotid sinuses. Measurement of total pulmonary blood flow. A, B and C show the 
effects of raising the pressure in both carotid sinuses. In D, the left carotid sinus only was 
perfused, the right one now being in communication with the natural circulation via the — 
common carotid artery. Note in D the appearance of an after-rise in pulmonary arterial 
pressure and in pulmonary blood flow on lowering the left carotid sinus pressure to its 
original level. 


It will be noted in 5B and D that about 30 sec after raising the carotid 


sinus pressure the systemic and pulmonary arterial pressures and pulmonary 


blood flow partly recovered before reaching a steady level. A similar effect 
was observed in other experiments, and in some of these the fall in pulmonary 
arterial pressure and blood flow was even less well maintained. Similar 
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compensatory phenomena were observed in experiments in which only one 
a carotid sinus was perfused. Carotid sinus distension caused an initial fall in 
7 pulmonary arterial pressure and blood flow, but they returned to their 
3 resting levels within about 30 sec despite the maintenance of the increased / 
carotid sinus perfusion pressure. These effects were sometimes accompanied | 
by ‘escape’ of the heart but this was not invariably so, and many instances 


Fig. 6. Dog, 3, 17-1 kg. Morphine-chloralose. Positive pressure ventilation. Perfusion of both 
isolated carotid sinuses. Measurement of pulmonary lobar blood flow. A-E show the effects 
of altering the mean carotid sinus perfusion pressure. Between A and B, atropine 5 mg 1.v. | 
Between C and D, both cervical vagosympathetic nerves were divided. 


were observed in which compensation in ntdangnincy arterial pressure and 
blood flow occurred with little or no change in heart rate. In these experi- 


4 ments compensation was due in part to a ‘buffering’ action of the contra- | 

f lateral carotid sinus, beca fter d id si : | 
tate inus, use after denervation the same carotid sinus per- ) 
fusion pressure rise resulted in the fall in pulmonary arterial pressure and blood Ee 


flow being better maintained. 1g 
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_ Daly & Schweitzer (1956) found that lowering the carotid sinus perfusion 
pressure again to its original level after a test rise caused an after-rise in 
pulmonary arterial pressure before returning to its control value, A similar 
response was frequently observed in the present series of experiments, and 
furthermore, it was accompanied by an after-rise in pulmonary blood flow 


_ or combined vena caval blood flow (Figs. 5D, 6.4, B, C). 


Fig. 7. Dog, 3, 22-0 kg. Morphine-chloralose—ureth Positive pressure ventilation. Perfusion 


of both isolated carotid sinuses. Measurement of pulmonary lobar blood flow. During the 
signal, the pressure in the carotid sinuses was converted from a pulsatile to a steady pressure 
without change in mean pressure. For this purpose the pulsations applied to the carotid — 
sinus reservoir were temporarily stopped (see Daly, 1955). : 


The importance of arterial pulse pressure in the reflex control of the cardio- — 
vascular system has been stressed by McCrea & Wiggers (1933) and by Kad, 
Green & Neil (1952). When the pressure in the carotid sinuses is converted 


from a pulsatile to a steady pressure without change in mean pressure, a — 


reflex rise in systemic blood pressure (Ead et al. 1952; Daly & Daly, 1957) and 
in pulmonary arterial pressure (Agostoni e¢ al. 1957) occurs. We have con- 
firmed these findings in the present experiments and have shown further that, 


at the same time, a reflex increase in pulmonary lobar blood flow occurs. 
The typical effect is shown in Fig. 7. The pressure in the carotid sinuses was — 
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converted from a pulsatile to a steady pressure, without changing the mean 
pressure, by turning off the pulsations applied to the blood in the carotid sinus 
reservoir (Daly, 1955), and it may be noted that this caused tachycardia, 
a rise in systemic and pulmonary arterial pressures and an increase in pul- 
monary lobar blood flow. These effects were reversed when the pulsations in 
the carotid sinuses were restored, without changing the mean pressure. The 
cardiovascular effects occurring in response to altering the carotid sinus 
pulse pressure were observed in preparations in which the cervical vagosym- 
pathetic nerves were intact (Fig. 7). Division of the cervical vagosympathetic 
nerves enhanced the responses. 

In a number of experiments, the effects of lowering the carotid sinus per- 
fusion pressure were observed. This invariably caused effects on pulmonary 
arterial pressure and blood flow and on systemic blood pressure which were 
opposite in sign to those produced by raising the carotid sinus pressure 
(Fig. 6). As would be expected they were similar to the cardiovascular 
responses resulting from clamping the common carotid arteries or from section 
of the carotid sinus nerves. 

It was found that there was always a close correlation between the direc- 
tional changes in pulmonary arterial pressure on the one hand, and the total 
pulmonary blood flow, combined vena caval blood flow or pulmonary lobar 
blood flow on the other. This is illustrated by Figs. 5 and 6. 

Effects on atrial pressures. As found previously by Daly & Schweitzer 
(1956), the changes in left and right atrial pressures were variable. When 
raising carotid sinus pressure caused considerable bradycardia, there was 
usually an increase in both atrial pressures which gradually returned to their 
original levels; with smaller changes in heart rate, the left. atrial pressure 
either increased or decreased whereas the right atrial pressure usually rose 
slightly. In a few experiments the changes in left and right atrial pressure were 
in the opposite direction. The atrial pressure changes rarely exceeded 1-5 cm 
saline (1-1 mm Hg). These different responses are illustrated by Figs. 5, 6, 
8 and 9. 

The cardiovascular effects evoked by altering the carotid sinus pressure still 
occurred after injection of decamethonium iodide (Geigy) in a dose (usually 
0-25 mg/kg) sufficient to paralyse reflex changes-in movements of the thoracic 
cage and abdominal muscles. They were abolished, however, by section of the 
carotid sinus nerves. 

Changes in pulmonary vascular resistance. Comparison of the changes of 
pressure in the left atrium and pulmonary artery showed that in response to 
carotid sinus distension they were frequently in the opposite direction. In 
tests in which the left atrial pressure decreased, the size of the effect was 
always smaller than that in the pulmonary artery. Thus the pressure gradient 
across the pulmonary vascular bed (mean pulmonary arterial pressure r minus 
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mean left atrial pressure) invariably decreased (Table 1). In three experiments 
in which pulmonary lobar blood flow was measured, pulmonary vascular 
resistance (Ap/flow) of the lung lobe increased. Small increases were also 
observed in five tests in one experiment in which total pulmonary blood 
flow was measured (Table 1); in the sixth test, no change occurred. 

Changes in peripheral vascular resistance. In five tests in four experiments 
in which the combined vena caval blood flow was measured, carotid sinus 
distension caused a mean reduction in peripheral vascular resistance of 36-6 %/, 
(range 11-52%). The results of these experiments, in which the vagus nerves 


were intact, are summarized in Table 2. In the experiment in which total 


pulmonary blood flow was measured, the mean reduction in peripheral — 
vascular resistance was 26°8°% (range 15-45%; six observations) (Table 1). 

Changes in stroke work of the left and right ventricles. In all experiments in 
which the combined vena caval blood flow or total pulmonary blood flow was 
measured, stimulation of the carotid sinus baroreceptors by raising the per- 
fusion pressure invariably caused a reduction in both left and right ventricular 
stroke work. The results are summarized in Tables | and 2. 

Changes in coronary sinus blood flow. In six tests in two experiments stimula- 
tion of the carotid sinus baroreceptors by raising the perfusion pressure caused 


_a reduction in coronary sinus blood flow from a mean value of 35-1 ml./min 
(range 20-45 ml./min) to 22-3 ml./min (range 9-30 ml./min). This corresponds 


to a reduction of 36-6 % (range 25-55%). These results confirm those of Stella 
(1931) and of Hochrein & Keller (1931). 


Effects of atropine, vagotomy and wpper thoracic sympathectomy 

Atropine had little effect on the cardiovascular responses to raising the 
carotid sinus pressure, except in those experiments in which a profound 
bradycardia occurred before atropine was given. Then the same stimulus to 
the carotid sinus caused only a slight slowing of the heart and a smaller fall 
in pulmonary arterial pressure and blood flow. Persistence of some slowing of 
the heart is due to a reflex decrease in sympathetic tone (Hering, 1927; 
Bronk, Ferguson & Solandt, 1934). The after-rise in pressure and flow which 
occurred on restoring the carotid situs pressure to its original level was un- 
affected. These effects are shown in Fig. 6A, B and Table 2. 

Vagotomy. It was shown by Tournade & Malméjac (1932), Daly & Schweit- 
zer (1956) and by Agostoni et al. (1957) that the fall in pulmonary arterial 


pressure caused by carotid sinus distension persisted after section of the cer- 


vical vagosympathetic nerves. This finding has been confirmed, and it has been 


- shown further that the reduction in the combined vena caval blood flow or 


pulmonary lobar blood flow also occurs after vagotomy (Fig. 6D and Table 2). 


_ Not infrequently, however, this fall in blood ilow after vagotomy was increased, 
_ and less compensation took place. in comparison with the control response. 
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This is probably due to a diminished buffering effect caused by section of the 
aortic nerves running with the vagi. In two out of four experiments the reduc- 
tion in pulmonary lobar blood flow occurring in response to raising the 
carotid sinus pressure in vagotomized preparations was preceded by a small 
increase in blood flow. A small rise in pulmonary arterial pressure also occurred. 
Table 2 shows that similar reductions in peripheral vascular resistance and 
in left ventricular stroke work occurred after vagotomy as before. | 
The results obtained by Daly & Schweitzer (1956) suggested that the after- 
rise in pulmonary arterial pressure, occurring on restoration of the carotid 
sinus pressure to its original level after a test rise, was due to a mechanism 
initiated reflexly from the vasosensory areas not under test. Thus, when re- 
flexes were produced by raising the pressure in only one carotid sinus, the 
other maintaining its normal circulation, the after-rise in pulmonary arterial 
pressure persisted after section of the cervical vagosympathetic nerves, 
although it was reduced in size. If, however, the reflexes were initiated from 
both carotid sinuses, then division of these nerves abolished the after-rise. 
These findings have been confirmed in the present experiments, which have 
also shown that the after-rise in pulmonary blood flow or combined vena caval 
blood flow is the result of a similar mechanism. The typical effects of division 
of the vagus nerves on the after-rise in pulmonary arterial pressure and lobar — 
blood flow, in an experiment in which both carotid sinuses were perfused, are — 
shown in Fig. 6C and D. | 7 
Combined vagotomy and thoracic sympathectomy. In five experiments in 
which the heart and lungs were denervated by sympathectomy (see Methods) 
and by division of the cervical vagosympathetic nerves, stimulation of the — 
baroreceptors by raising the carotid sinus perfusion pressure caused a reduc- 


- tion in pulmonary lobar blood flow and combined vena caval blood flow 


(Fig. 9B and Table 3). The pulmonary arterial pressure also fell. In three of 


these experiments there was no change in heart rate; in the remaining two, 


however, a slight slowing occurred. This may have been due to a reflex decrease 
in the secretion of suprarenal medullary hormones, because the onset of the 
bradycardia was not evident for 15-20sec after raising the carotid sinus pressure. 
In four experiments small changes in left and right atrial pressures were 


' observed. The left atrial pressure increased in three experiments and decreased 


in one, whereas the right atrial pressure increased in two but did not change in 
the remaining two. The pressure gradient across the pulmonary vascular 


bed invariably diminished, and pulmonary vascular resistance increased 


slightly in three of the four experiments; in the fourth there was no change. 

Table 3 shows that in the experiment in which the combined vena caval 
blood flow was measured, the peripheral vascular resistance decreased by a 
mean of 33°3% (range 27-37 %, four observations). The left ventricular stroke 


_ work also decreased considerably (Table 3). 
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TaBue 3. The effect of raising the mean carotid sinus perfusion pressure on the combined superior and inferig 


Systemic Vena caval Peripheral vascular resistance Left ventricular 

Heart rate blood pressure blood flow (mm Hg/ml./min) x 100 stroke work 
(beats/min) (mm Hg) (ml./min) A (g.m) 

C E C E C E C E (%) C E 

150 150 90 50 720 550 12°5 9-1 -27 5-7 2-5 

150 150 110 55 820 640 13-4 8-6 - 36 8-2 32 

150 150 105 60 925 790 11-4 76 ~— 33 8-8 43 

150 150 100 55 900 790 bl 7-0 ~ 37 8-2 4-0 
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_ These experiments show therefore that, except for the chronotropic action 
on the heart, denervation of the heart and lungs does not appreciably modify 
the observed reflex cardiovascular effects of stimulation of the carotid sinus 


baroreceptors. 
Changes in weight of lung lobe 


In three experiments in which the weight of the left diaphragmatic lobe 


was continuously recorded, stimulation of the baroreceptors by raising the 
carotid sinus perfusion pressure caused bradycardia, a fall in systemic and 
pulmonary arterial pressures and a reduction in weight of the lung lobe. The 
typical response is shown in Fig. 8A. With the onset of the bradycardia there 
was an immediate reduction in pulmonary arterial pressure and lung lobe 


vena caval blood flow in an experiment in which the heart and lungs were denervated 


weight, but as the heart ‘escaped’ some compensation occurred. Lowering 
the carotid sinus pressure to its original level caused the lung lobe weight to 
return to its original value, although in one experiment an appreciable after- 


rise in weight occurred coincident with the after-rise in pulmonary arterial — 


pressure. Similar responses were observed after combined denervation of the 
heart and lungs and removal of the spleen, and indicate that they were 


- secondary to vascular effects occurring in the systemic circulation. 


_ Tests in which the carotid sinus pressure was lowered had the opposite 
effects—tachycardia, a rise in systemic, pulmonary arterial and left atrial 


pressures and an increase in lung lobe weight (Fig. 8B). 


Effects of changes in blood volume on cardiovascular responses to carotid 
baroreceptor stimulation | 

In the course of these experiments it was found that the reduction in pul- 
monary arterial pressure and the decrease in pulmonary lobar blood flow or 
combined vena caval blood flow, occurring in response to raising the carotid 
sinus perfusion pressure, were occasionally preceded by a small rise in pressure 
and flow. This occurred in four tests in two preparations after division of both 
cervical vagosympathetic nerves. The average increase in pulmonary lobar 
blood flow was 11-3% (range 5-5-20-8%). A similar response also occurred 
in two other preparations in which the average increase in combined vena 
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caval blood flow was 14-9°% (range 8-21 %, in six tests). In all these tests there 
followed a reduction in pulmonary lobar blood flow or vena caval blood flow 
below the control level, while the increased pressure in the carotid sinuses was 
maintained, 


Fig. 8. Dog, 9, 96 kg. Morphine-Disl- Nembutal. Positive pressure ventilation. Perfusion of both 
_ isolated carotid sinuses, The effect of raising (A) and lowering (B) the carotid sinus pressure 
on the weight of the left diaphragmatic lobe. The calibration marks on the lung lobe weight 
tracing indicate the change in weight. © 
Examination of the protocols of these four experiments showed that im- 
mediately before these tests were made a blood transfusion had been given. 
In a subsequent experiment, therefore, the effects of increasing the blood 
volume on the cardiovascular responses to raising the carotid sinus pressure 
were investigated. The results are shown in Fig. 9. The control test shown in 
B resulted in a fall in pulmonary arterial pressure and pulmonary lobar blood 


_ flow. But after giving 64 ml. blood intravenously, the same test rise in carotid 


sinus pressure caused an initial rise in pulmonary arterial pressure and flow 


| followed by a fall (C). This initial response disappeared after the animal had 


been bled a similar volume (D). These tests were repeated twice with the same 
result. These findings suggest that the cardiovascular effects of carotid sinus 


be distension are in part dependent on the circulating blood volume. 
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Fig. 9. Dog, 9, 14-1 kg. Left and right stellate ganglia and sympathetic chains down to T6 
resected 28 and 21 days previously. Morphine-chloralose. Positive pressure ventilation. 
Both recurrent laryngeal and phrenic nerves divided. Perfusion of both isolated carotid 
sinuses. Measurement of pulmonary lobar blood flow. A, B, C and D show the effect of altering 
the carotid sinus pressure. Between A and B, both cervical vagosympathetic nerves were 
cut. Effects shown in C were obtained 6 min after an intravenous injection of 64 ml. hepa- 
rinized dog blood and in D 7 min after bleeding 64 ml. blood from a femoral artery. 


DISCUSSION 


Our results have shown that, in anaesthetized dogs ventilated artificially, 
stimulation of the carotid sinus baroreceptors by raising the carotid sinus 
perfusion pressure invariably causes a reduction in cardiac output, and con- 
versely, lowering the pressure increases the output. The evidence for this is 
based on experiments in which changes in total pulmonary blood flow were 
measured directly, or were inferred from measurements of the combined 
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blood flow through the superior and inferior venae cavae or of the blood 
flow to one lobe of the lungs. The volume flow through the two venae cavae is 
less than the total systemic venous return by the volume flowing through the 
coronary circulation and the vena azygos. Nevertheless, it seems reasonable 
to assume that the total systemic venous return fell in response to carotid 
sinus distension because the coronary sinus blood flow was also reduced. 

Whereas the methods used in the present study for measuring cardiac 
output have certain disadvantages, the cannulation of major blood vessels 
and some disturbance to the circulation imposed by insertion of the rotameter, 
they nevertheless provided valuable information as to the time course of the 
changes in cardiac output occurring during the period of elevation of the carotid 
sinus pressure and immediately after it has returned to its original level. As 
had been suggested earlier by Kenney et al. (1951) and by Daly & Schweitzer 
(1956), these haemodynamic events could only be analysed by the use of 
methods capable of measuring changes in cardiac output occurring within a 
few heart beats. 

In view of the size of the changes in cardiac output demonstrated in the 
present investigation, it is somewhat surprising that they have not been found 
consistently by workers using the direct Fick method (for literature, see 
Heymans & Neil, 1958, p. 48). This discrepancy cannot be attributed to the 
possibility that the effects of carotid sinus reflexes on cardiac output may be 
different in dogs with closed chest breathing spontaneously, because results 


_ similar to those reported here have been obtained in such preparations with 


the same technique of measuring pulmonary lobar blood flow (M. de B. Daly 
& Mary J. Scott, unpublished experiments). Further evidence that stimula- 
tion of the carotid sinuses reduces cardiac output has also been obtained in 
preparations in which the cardiovascular effects of adrenaline and noradrena- 
line were studied before and after exclusion of the sinuses from the circulation 
(Daly & Luck, 1958). It is more likely that the Fick method fails to detect 
the changes in output that occur when these reflexes are elicited: some of the 
potential errors in the method have been discussed by Visscher & Johnson 
(1953). 

Our findings are cetoee i in general agreement with those of Leusen e¢ al. 
(1956) who, using the dye-dilution method for measuring cardiac output, 
found that lowering the pressure in the carotid sinuses caused the output to 


‘increase. 


| Mechanism of changes in cardiac output — 

In our experiments, cardiac output cannot have been influenced by recmae 
in respiration; furthermore, alterations in muscle tone are unlikely to be 
a factor in this respect, because the responses to carotid sinus distension 
were not appreciably affected by decamethonium. It is suggested, therefore, 
that the reduction in cardiac output on stimulation of the carotid sinus 
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baroreceptors is the result of two mechanisms: slowing of the heart and 
haemodynamic events occurring in the peripheral circulation. 

In some of our experiments in which reflex slowing of the heart was con- 
siderable, a profound fall in cardiac output occurred. The output then increased 
as the heart ‘escaped’ but it only occasionally reached its control level. After 
atropine, which considerably reduced or abolished the slowing of the heart in 
response to the same stimulus to the carotid baroreceptors, the initial pro- 
found fall in cardiac output did not occur, but instead a more gradual reduc- 
tion took place. In this connexion, Stella (1931) showed that raising the 
pressure in the isolated perfused carotid sinus in the innervated heart-lung 
preparation caused bradycardia and a reduction in aortic blood flow. This 
reduction in flow did not occur when the heart rate was maintained constant 
by driving the ventricles electrically. 


‘The effects of changes in ‘resistance’ and ‘capacity’ of the sacha) cir- 1 


culation on venous return and venous pressure have been the subject of a 
number of investigations, among them being those of Weber (1850), de Jager 
(1886), Bayliss & Starling (1894), Connet (1920) and of I. de B. Daly (1926). 
On the basis of these findings, the following haemodynamic events probably 
occur in response to stimulation of the carotid sinus baroreceptors. 

(1) Asaresult of reflex arteriolar dilatation a reduction in the resistance to systolic 
ejection occurs. This allows more complete emptying of the left ventricle and, 
provided the filling of the ventricle is maintained, increases the stroke volume 
and hence the output of the left ventricle. This increased output may normally 
be offset to some extent by 4 negative inotropic effect on the ventricles (see 
below) and by slowing of the heart, but in any case will only be maintained 
temporarily because of the decrease in venous return. The vis a tergo probably 
increases and, in addition, there is a transfer of blood from the arterial to the 
venous system through a reduction in the volume of blood contained in the 
arteries, resulting from the reflex fall in systemic blood pressure. Any effect 
these may have in augmenting venous pressure is probably small because 
of the large cross-sectional area of the veins and because nervous effects 
causing arteriolar dilatation are usually accompanied by venodilatation 
(Bayliss & Starling, 1894). At the same time a reflex dilatation of arterio- 
venous anastomoses would be expected through a release of sympathetic 
vasoconstrictor tone to these blood vessels (Grant, 1930; Grant, Bland & Camp, 
1932) and would result in an increase in blood flow through them (Bostroem & 
Schneider 1953), 

(2) As a result of reflex venodilatation (Fleisch, 1930; Heymans, Bouckaert & 
Dautrebande, 1931; Gollwitzer-Meier & Schulte, 1931; Alexander, 1954), the 
volume of the venous reservoir increases and this tends to decrease venous 
return and venous pressure. This ‘capacity’ effect almost certainly more than 
compensates for the increased venous return caused by changes in ‘resistance’ 
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of the systemic circulation, and the net result is that there is a permanent 
increase in systemic blood volume and a reduction in venous return to 
the heart which is perpetuated. The importance of capacity changes in the 
reflex control of the circulation from the carotid sinuses has been emphasized 
previously (Heymans et al. 1931; McDowall, 1935; Holt, Rashkind, Bernstein 
& Greisen, 1946; Charlier, 1948; Rashkind, Lewis, Henderson, Heiman 
& Dietrick, 1953). In this connexion it has been shown that raising the 
carotid sinus pressure or electrical stimulation of the carotid sinus or aortic 
(depressor) nerve caused an increase in volume of the intestines, kidneys, 
spleen, head and neck, tongue, ear and occasionally of the limbs (for literature, 
see Heymans, Bouckaert & Regniers, 1933; Heymans & Neil, 1958). In dog 
preparations with controlled cardiac output, Rashkind et al. (1953) found 
that electrical stimulation of the carotid sinus nerve caused an increase in the 
volume of blood contained in the animal, presumably mainly in the systemic 
circulation. Coleridge & Hemingway (1958), however, using a similar type of 
preparation found that occlusion of the common carotid arteries had no 
consistent effect. 

Of interest was the finding that the initial response of the pulmonary arterial 
pressure and blood flow to carotid sinus distension depended, in part, on the 
circulating blood volume. Although this point requires further study, it seems 
not unlikely that the balance of effects on venous return resulting from reflex 
changes in ‘resistance’ and ‘capacity’ of the systemic circulation is in some 
way altered. | 

The increase in systemic blood volume must be accompanied by a corre- 
sponding reduction in the volume of blood contained in the thorax. The 
role of the lungs as a blood ‘depot’ has been discussed previously by numerous 
authors (Hochrein & Keller, 1932a, 6; Sjéstrand, 1935, 1953; Sarnoff, Berg- 
lund & Sarnoff, 1953). Our results indicate that the pulmonary blood volume 
decreased during stimulation of the carotid sinus baroreceptors and, although 
the method used does not allow any quantitative estimate of the changes to 
be made, this reduction must presumably be of a size which more than com- 
pensates for the accompanying increase in volume of blood in the heart (Jarisch 
& Ludwig, 1926; Marmorstein, Koulik & Loukatscher, 1934). The pulmonary 
blood volume diminished pari passu with the fall in pulmonary arterial and 
left atrial pressures, although it should be mentioned that the fall in the latter 
pressure was not a constant finding. These changes in pulmonary blood volume 
are, at least in part, passive to haemodynamic events occurring in the systemic 
circulation, because they occur in preparations in which the heart and lungs 
are denervated. 

When the carotid sinus pressure is lowered to its original level following a 
test rise, an after-rise in pulmonary arterial pressure and cardiac output occurs. 
This may be explained by the volume of blood in the systemic circulation 
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diminishing and the blood which, as a result of carotid sinus distension, 
shifted from the lungs to the systemic circulation, being now suddenly 
returned to the lungs again with the result that the venous return to the 
heart temporarily exceeds the left ventricular output. The size of the 
after-rise in pulmonary arterial pressure and blood flow will depend on the 
rate of change in volume of the systemic circulation and probably also on the 
extent to which it diminishes beyond its control value through over-com- 
pensation. These effects are largely dependent on the integrity of the innerva- 
tion of the vasosensory zones not under test (see also Daly & Schweitzer, 1956). 

During stimulation of the carotid sinus baroreceptors the stroke work of 
the left and right ventricles invariably diminished and this should, in accord- 
ance with Starling’s law of the heart, be associated with a reduction in left and 
right atrial pressure. A reduction in pressure would also be expected because 
of the concomitant reflex systemic venodilatation and diminution in pul- 
monary blood volume. It was found, however, that the left and right atrial 
pressures did not invariably fall, and this indicates that, in some tests at least, 
the myocardial contractility (work per unit of filling pressure) was reduced. 
The mechanism may be a negative inotropic effect on the ventricles of the 
reflex decrease in sympathetic tone (Hering, 1927; Bronk et al. 1934) and dimi- 
nished secretion of suprarenal medullary hormones (Heymans, 1929). The 
accompanying reflex increase in vagal tone, on the other hand, probably plays 
no part in bringing about this effect (Drury, 1923; Schreiner, Berglund, Borst 
& Monroe, 1957). Another possible mechanism is a metabolic effect of cor- 
_ onary insufficiency (Case, Berglund & Sarnoff, 1955) for carotid sinus disten- _ 
sion causes striking reductions in coronary sinus blood flow. Of interest in 
this connexion are the results obtained in one preparation in which nervous 
and humoral effects on the heart were excluded by denervation and by adrenal- 
ectomy. Stimulation of the baroreceptors caused no change in heart rate, 
a fall in systemic and pulmonary arterial pressures and a reduction in pulmon- 
ary lobar blood flow. A small rise in both left and right atrial pressures occurred 
despite the stroke work of both ventricles being diminished. It should be 
mentioned, however, that this mechanism is not likely to be operative under 
normal conditions. For stimulation of the baroreceptors by a rise in carotid 
_ sinus pressure is accompanied by an equal rise in pressure in ‘all systemic — 
arteries and so the coronary blood flow would be expected to increase, not — 
decrease as under our experimental conditions. 

It is evident from the foregoing that the directional change in atrial pressures 
will depend upon a balance of a number of factors: the diminished venous 
return and ventricular ejection pressure will lower the atrial pressure, whereas 
the negative inotropic action on the ventricle will, in the absence of changes in 
ventricular stroke work, increase it. The balance of these factors may not be 
the same in the case of either ventricle. In this connexion it is to be noted that 
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although the percentage reduction in the stroke work of the left ventricle 
was usually greater than that of the right, these effects were not infrequently 
accompanied by a definite fall in pressure in the left atrium, and by no change 
or a rise in pressure in the right (Fig. 9). 


Changes in peripheral vascular resistance 

In all preparations in which values are available for calculation of total 
peripheral vascular resistance, a reduction occurred during stimulation of the 
carotid sinus baroreceptors. It is evident, therefore, that the reflex fall in 
systemic blood pressure must be the result of both a reduction in cardiac 
output and a decrease in peripheral vascular resistance. This latter effect is 
due, at least in the dog, to reflex vasodilatation in skin, muscle and the splanch- 
nic vascular bed (Heymans & Neil, 1958). 


, Changes in pulmonary vascular resistance 

The results of the present experiments indicate that the changes in pul- 
monary arterial pressure in response to carotid sinus distension can be 
attributed to alterations in cardiac output. It is not possible to say whether 
active changes in the resistance of the pulmonary blood vessels participate in 
these responses because the changes in vascular resistance (Ap/flow) were small 
and were present in preparations in which the heart and lungs were dener- 
vated. Daly & Daly (1957) found that in experiments in which part of the 
pulmonary vascular bed was perfused at constant blood-volume inflow, carotid 
sinus distension usually caused an increase in pulmonary vascular resistance. | 
They presented evidence suggesting this was the result of a passive effect of 
the reflex fall in systemic (bronchial arterial) blood pressure causing a redis- 
tribution of blood between the pulmonary and bronchial vascular systems, 
although the participation of a direct reflex on the pulmonary vascular bed 
proper was not excluded. It is evident, therefore, that the fall in pulmonary 
arterial pressure occurring in the entire animal in response to carotid sinus 
distension must be attributed solely to a reduction in cardiac output. 

Our results may have a bearing on some observations made by Wasserman 
& Goodman (1946). They found that digital pressure over the carotid sinuses 
in patients with left ventricular failure would check attacks of acute pul- 
‘monary oedema and they suggested that this was due to a direct reflex effect 
on the permeability of the lung capillaries. An alternative interpretation — 
(Sarnoff & Berglund, 1952) of their finding and one which receives additional 
support on the basis of our own experiments is that relief of these attacks was 
due to events occurring in the systemic circulation, that is reflex vasodilatation 
and an increase in vascular capacity. As a result, blood is shifted from the 
lungs to the systemic circulation causing a reduction in pulmonary arterial, 
left atrial and pulmonary capillary pressures. 
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SUMMARY 


1. The effects of carotid sinus baroreceptor reflexes on the pulmonary 
circulation have been investigated in the anaesthetized dog ventilated arti- 
ficially. Pulmonary blood flow or the combined superior and inferior vena 
caval blood flow was measured directly and continuously by means of a 

rotameter flowmeter. 

2. Occlusion of the common carotid arteries caused tachycardia, a rise in 
systemic and pulmonary arterial blood pressures and an increase in pulmonary 
flow. 
. Stimulation of the baroreceptors by raising the pressure in the isolated 
a innervated carotid sinuses caused bradycardia, a fall in systemic 
and pulmonary arterial blood pressures and a reduction in pulmonary blood 
flow and in pulmonary blood volume. Not infrequently the pulmonary arterial 
pressure and blood flow partly recovered despite the raised carotid sinus 
pressure being maintained. Lowering the sinus pressure to its original level 
resulted in an after-rise in pulmonary arterial pressure and blood flow. The 
changes i in pulmonary arterial pressure occurred asi aici of alterations 
in left atrial pressure. 

4. Evidence is presented that the reduction in pulmonary arterial pressure 
and pulmonary blood flow resulting from stimulation of the baroreceptors is 
due to slowing of the heart and to haemodynamic events occurring in the 
systemic circulation. The possible mechanisms are discussed. 

5. Although the changes in left and right atrial pressures were small and 
variable, the stroke work of both ventricles invariably decreased in response to 
carotid sinus distension. This indicated that, in some tests at least, there was 
a negative inotropic effect on the ventricles. 

6. Stimulation of the baroreceptors caused a decrease in total peripheral 
vascular resistance and usually a small increase in pulmonary vascular 
resistance (Ap/flow). 
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THE ABSOLUTE LIGHT-SENSITIVITY AND SPECTRAL 
THRESHOLD CURVE OF THE AQUATIC FLATWORM 
DENDROCGELUM LACTEUM 


| By F. H. C. MARRIOTT* 
From the University Laboratory of Physiology, Oxford 


(Received 27 May 1958) 


Dendroceelum lacteum is a limnadophil planarian with a simple and clearly 
| defined directional response to a lateral light stimulus. Much experimental 
| work has been done on the light responses of planarians from a behavioural 
point of view (Taliaferro, 1920; Ullyott, 1936; Viaud, 1950, 1951), but little 
attempt has been made to determine the relative thresholds for light of dif- 
ferent wave-lengths, or to estimate the absolute threshold in energy units for 
light of the most effective wave-length. Viaud (1950) has done experiments on 
the relative effectiveness of lights of different wave-lengths in eliciting a 
) - tesponse, but in quite different conditions and using brighter lights. 

Besides the directional response to lateral light stimuli, D. lactewm also 
responds to vertical light by showing greater random mobility (Ullyott, 1936). 
This response is less convenient for experimental purposes, and only lateral 
stimuli were used for the determination of threshold responses in these 
experiments. 

These light responses were presumably evolved as a defence against the 
planarian’s natural enemies. If they are to be effective as such, the animal 
must have fairly high sensitivity. The ‘eyes’, however, are very small. It 
therefore seemed possible that the actual receptors, in spite of the simplicity : 
of the eye, might prove to be highly efficient light detectors, with a threshold 
comparable to that of some of the vertebrates which have been studied, such 
} as man, the cat, or Xenopus. Earlier work by Ullyott (1936) with D. lactewm 
_ suggested that the animals responded to a very dim light, but he did not work 
with narrow bands of the spectrum, and the estimate given for the absolute 
threshold was based on the energy of a white light of unspecified colour 
temperature estimated by a photocell. His estimate was about 2000 times 
higher than that given in this paper. 

A brief communication giving some of chess results has oo published 
(Pirenne & Marriott, 1955). 

* Nuffield Foundation Biological Scholar. 
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METHODS 


Dendrocelum lacteum is a fresh-water planarian about 0-5-1 cm in length. It has two ‘eyespots’ 
about 0-08 mm in diameter at the anterior end. It is creamy white in colour, and was selected for 
these experiments for this reason, since it is easy to find on a dark background with a dim red 
electric torch—as will be seen Dendrocelum is relatively insensitive to red light. The animals 
used came from Lake Windermere and were supplied by the Windermere Laboratory of the Fresh- 
water Biological Association. | 

The planarian eye consists of a small pigmented cup containing a number of light receptors. 
There is no image-forming apparatus, and the eye is probably used merely as a detector of light 
with directional sensitivity (Taliaferro, 1920). 

D. lacteum responds to lateral light stimuli by moving away from the source. 


Fig. 1. Diagram of the apparatus used in the experiments. Light from the lamp L, mounted in 
a light-tight box, passes through two adjustable neutral wedges in the long case W, and 
a colour filter at F (only the wedge case and the filter holder are shown) into the Perspex 
tank T filled with filtered lake water. B is the point in the tank at which the experimental 


animal was dropped. RR are the approximate limits of the area of full illumination from the 
lamp L. The tank is 56 cm square. 


Apparatus and experimental procedure. Up to thirty-six animals were used for each experiment. 
When not actually being tested, they were kept in filtered lake water in individual numbered 
beakers. For the experiment they were transferred one at a time to a Perspex tank illuminated 
from one end by a light source (Fig. 1). They were lifted on a camel-hair paint brush and dropped 
at & specified point near the lighted end of the tank. After 3 min they were found with a red 
torch and restored to their beakers. If they had moved 10 cm or more away from the light,within 
20° either side of a straight line from the light, a response was recorded. Before the experiments, 
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all animals had been kept in complete darkness for at least 2 hr, and generally much longer. They 
had been starved for a considerable period before the experiments. The water temperature varied | 
between 15-3 and 18° C. : 

The light source used in these experiments, an opal bulb of intensity 1-00 cd, and the arrange- 
ments for reducing the intensity by means of neutral wedges have been fully described elsewhere 
(Pirenne, Marriott & O’Doherty, 1957). In front of the wedges a colour filter could be mounted to 
isolate a narrow band of wave-lengths. 

The colour filters used are listed in Table 1. Those marked Corning were combinations of 
Corning glass filters, the number (except for Corning 5113, which is the makers’ number for a 
single glass filter) indicating roughly the mean effective wave-length. Those marked Ilford were 
gelatine filters mounted in glass issued by Ilford, and Wratten 88 was a Wratten gelatine filter 
issued by Kodak. The last three filters in this table were used in some preliminary experiments, but 
not in the main series. 


TABLE 1 
Mean Log 
effective Energy Threshold _ threshold 
wave- transmitted wedge ag 
Filter length (1) (n;) density (D,) (logH,) Hy, 
Corning 0-365, 0-365 1-85 0 0-27 0-27 
Corning 0-400p 0-400 221 0 0-34 0-34 
Corning 0435p 0-435 15-31 1-65 1-53 1-68 
Corning 0-475p 0-475 8-49 1-85 1-08 1-04 
Ilford 604 , 0-520 26-06 1-83 1-59 1-48 
Corning 0-560. 0-560 120-33 1:80 0-28 0-21 
Corning 0-600, 0-600 1-02 1-04 1-08 
Corning 0-655p (181-79) (+0-5) (2-76) 2-36 
Corning 0-515 0-515 177-68 3-66 359 
Corning 5113 0-420 41-95 2-82 5-80 sh 
Ilford 609 (0-700) (289-74) (+05) (2-96) 


Notes: The energies », and H, are measured in arbitrary units. For the cut-off filters the esti- 
mates of the mean visually effective wave-length and of the energy transmitted, obtained 
as explained in the text, are given between brackets. | 


RESULTS 
The threshold energy 


All the calculations in this paper are based on the luminous intensity and 
colour temperature of a light source calibrated by the National Physical 
Laboratory, and on the optical density for lights of different wave-lengths 
of the colour filters, neutral wedges, and Perspex, also measured by the 
N.P.L. Light absorption by the water was negligible. A full description of 
the necessary calculations is given in Pirenne et al. (1957). 

The threshold for any filter was taken as the level at which about one-third 
of the animals, or five out of seventeen in the large proportion of experiments 
in which seventeen animals were used, responded. Table 2 gives the results 
of seven experiments with the green filter Ilford 604. At the wedge setting 
0-5 and 1-0, about half the animals responded; at 1-5 and 2-0, about one-third ; 
and at 25 and 3-0 the response had practically disappeared. Accordingly, 
the threshold setting was taken as 1-75. 2 


The exact value of the wedge density Dx, allowing for the non-neutrality 
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of the wedges and the slight deviations from the simple relationship between 
setting and density, was now obtained from the calibrations. In this case the 
exact value was 1-83. 
The threshold density was similarly calculated for each filter used in the 
experiments. The threshold energy Hx, in arbitrary units, is then given by: 
log =log —D,, 
where 7x is the energy with wedges out (Table 1), so that, for Ilford 604, 
log Hy =1-42—1-83=1-59. The quantities log Hx, were used to obtain a first 
approximation to the sensitivity curve. The sensitivity at any wave-length 
is defined as the reciprocal of the threshold energy. 


Taste 2, Number of responses in various experiments using the filter Ilford 604 with 
different wedge settings 


Approximate optical © Number of responses/ 
units) number of trials 


9/17 
10 8/17 
1-5 4/17, 4/11* 
2-0 5/17 
2-5 2/17 
3-0 0/17 
Approximate threshold density 1-75... * Animals from 20 m deep. 
Threshold values for different filters 


Table 1 shows, for each filter, the energy transmitted, the wedge density for . 


threshold, and the resulting threshold energy. The first column gives the identi- 
fication number of each filter, the second column the mean effective wave- 
length transmitted. The third column gives the energy transmitted by the 
filter in arbitrary units. The figures in brackets in this column are for filters 
of the cut-off type, which transmit infra-red radiation. In these cases energy 
has been calculated only for wave-lengths up to 0-70 or 0:72, to give a rough 
estimate of energy in the visually effective range. This does not affect the 
validity of the final approximation to the sensitivity curve. 

The threshold wedge density is given in column 4. No animal ever responded, 
even with wedges fully out, to Wratten 88. Corning 0-655u and Hford 609 
produced responses from only a few of the most sensitive animals even with 
wedges fully out; it was estimated that about three times more light would be 
needed to reach ‘threshold’, as defined for these experiments. 

The logarithms of the threshold energy Hx, defined as log yx — Dx, is given 
in column 5. The values are reasonably consistent for the main series of ex- 
periments, although two filters used in preliminary experiments, Corning 5113 
and Corning 0-515, gave surprisingly low thresholds. 

The threshold energy discussed here refers, of course, to the lowest level at 
which the animal responds. This gives an upper limit to the threshold of 
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‘vision’, the lowest level at which a nervous excitation occurs. In all 
discussion relating to visual pigments it will be assumed that the 
thresholds measured correspond to the same amount of photolysis of a single 
visual pigment. This assumption seems reasonable for the very simple eye of 
Dendroceelum. 

The complete absence of response with Wratten 88 showed the relative 
insensitivity of the animals to infra-red radiation, and confirmed the absence 
of light leakage from the apparatus. Further, the result confirmed the low 
probability of false responses—apparent responses although the light was not 
detected—since no animal out of nineteen responded. In another experiment 
in which the filter was replaced by a piece, of opaque cardboard, one animal 
out of twelve ‘responded’. In another, using Ilford 604 with a wedge setting 
of 3-0, none out of seventeen responded. 

The use of colour filters, rather than light from a monochromator, for 
experiments of this type is subject to the criticism that there may be un- 
suspected side bands, radiation transmitted at quite a different. wave-length 
from the main spectral band, which may affect the response. Here all filters 
had been calibrated throughout the visible range. In view of the results with 
Wratten 88 and the other red filters, infra-red radiation was obviously un- 
important. Further, the source emitted so little ultra-violet radiation that even 
if some filters had side bands in this region, the ultra-violet transmitted couid 
have no appreciable effect after passing through the wedges. It will be noted 
that to reach the threshold for Corning 0-365u the wedges had to be moved 
completely out of the beam. At shorter wave-lengths the emission by the 
electric bulb becomes very low and the Perspex sheets absorb heavily. The 
possibility of unsuspected side bands in the visible was checked (Wald, 19455); 
no significant bands werefound. 

Near the animals’ threshold they could be seen in the water only with 
great difficulty, when the light happened to strike them at a suitable angle. 
The source, however, was clearly visible and appeared coloured, and light could 
be seen in the tank. This applied to all wave-lengths except the ultra-violet, 
where the animals are relatively much more sensitive than man. In this case, 
near the animals’ threshold the lamp could be seen only with averted vision 
and appeared greyish and blurred; light could scarcely be seen in the tank. 


The relative spectral sensitwity curve 


To obtain a spectral sensitivity curve from data of threshold energies for 
a series of filters, it is necessary to estimate a first-approximation to the curve, 
and then to improve it by further successive approximations. The calculations 
are described in Denton & Pirenne (1954). This method is capable of giving a 
very accurate curve, provided the wave-bands transmitted by the filters lie 


fairly close together, the true curve is a smooth one, and the awe are 
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accurately known. In the present experiments the thresholds are not accur- 
ately known; they are subject to errors of about 0-5 log unit. It is therefore 
not worth while attempting to estimate the curve with great accuracy, but 
the range of sensitivity between different parts of the spectrum is so great 
that it is possible to determine the general shape of the curve. 

It should be realized that each experiment, at a single intensity, represented 
half a day’s work, the determination of one point of the spectral sensitivity 
curve requiring several days. Close spacing of the intensity levels was thus 
not practicable. 


? 
\/ 


 Logyo threshold flux (erg/sec per eyespot) 
q 


03 0-4 0-5 0-6 0:7 
Wave-length (x) 


Fig. 2. The spectral sensitivity of Dendrocalum lacteum. The vertical lines show the experimental 
results; the centre of each represents the calculated mean threshold H, in erg/sec per 
5-03 x 10-5 cm*, taken as the area of the ‘eyespot’, and the ends plus and minus the approxi- 
mate 8.z, The solid curve is the final approximation to the response curve (H,), see text). 
The dotted line is the C.I.E. human scotopic response curve (arbitrarily placed on the ordinate 
axis), and the black circle is an extension of this curve due to Wald. The open circles repre- 
sent Wald’s measurements of threshold for the human aphakic eye; except for the short wave- 
lengths, these subjects have the same spectral sensitivity as normal subjects. 


Fig. 2 shows the second approximation, H,,, plotted against A. In this 
case, H,) gave a very good fit, and no further approximation was necessary. 
Fig. 2 also shows the C.I.E. (Commission Internationale de V Eclairage) human — 
scotopic response curve, and points obtained by Wald (1945a) for the human 
aphakic eye—that is, for subjects whose lenses had been removed. | 


Veg 
wag 
a 
; 
‘a 
: 
a 
bd 
4 
‘4 
= 7 . 
a 
* 
2 . 
‘ > 
e ? 
> 
a Or 
pis 
‘ 
4 
iS 
2 
ty 
oF 
i 


LIGHT-SENSITIVITY OF DENDROC@LUM LACTEUM 375 


Biological variations 

For each filter, experiments were done at intervals of 0-5 log unit. Roughly 
speaking, throughout the range in which some of the animals responded and 
some did not, an increase in luminance of 0-5 log unit gave two more animals 
responding in the experiments in which seventeen or eighteen animals were 
used, For example, as is shown in Table 2, for the filter Ilford 604 no animal 
out of seventeen responded at wedge setting 3-0, while nine out of seventeen 
responded at 0:5. | 

A full statistical analysis of the experimental data to obtain the standard 
error of the threshold estimate for any filter was not practicable, but it is 
fairly easy to get a rough idea of the accuracy of these estimates. It is quite 
possible that a threshold value might be in error by 0-5 log unit in either 
direction ; an error of 1 log unit, however, is most unlikely. It seems reasonable, 
therefore, to say that the standard error of any point on the response curve 
H,) is about 0-5 log unit. This estimate is on the conservative side; in fact the 
standard error is probably considerably less. 


The absolute threshold of response of Dendroceelum lacteum 
in terms of illumination 
The light source used was calibrated by the N.P.L. and found to give a 
candle-power, at the voltage at which it was run, of exactly 1-00 cd. The 
planarians had to move 10 cm away from the light before a response was re- 
corded. At the mid point of this movement, when they had moved 5cm, 
they were approximately 30 cm from the light source. The threshold values 
were taken at this point. The threshold illumination was defined as the illumi- 
nation in the tank on a plane normal to the beam of light. 

The absolute threshold is calculated by estimating first, the energy flux 
emitted by the light source, and then the proportion transmitted by the 
Perspex, the colour filter, and the neutral wedges at their threshold setting. 
This gives the threshold illumination in erg/cm?. sec, and it is easy, if desired, to 
convert this figure to quanta of light of a wave-length corresponding to the 
maximum transmission of the filter. | 

Ilford 604 (see Tables 1, 2) was used for these calculations; the maximum 
transmission is at 0-52, or a little above the estimate of the most effective 
wave-length, More experiments were done with this filter than with Corning 
0:4752, and the value obtained with Ilford 604 is therefore a safer estimate. 

The threshold illumination may thus be calculated as 2-95 x 10-* erg/ 
cm?.sec, or 7-67 x 108 quanta/cm?.sec. The planarian ‘eyespot’ has a dia- 
_ meter of about 0-08 mm. Thus the number of quanta per ‘eyespot’ per second 

at threshold is 7 x 42 x 10-* x 7-67 x 10°=39 000. . 

The area of the planarian ‘eyespot’ is roughly that of a circle of diameter — 
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16’ of arc on the human retina, which would cover about 800 rods on the 
densest part of the retina. Such an area responds almost like that correspond- 
ing to a point source. 

Experiments with eyeless animale 


To interpret physiologically the value of the absolute threshold, it was 
necessary to determine how the response was mediated. Experiments with an 
allied species (Planaria maculata?) (Taliaferro, 1920) had shown that the ani- 
mals possessed some skin sensitivity to light, but that the characteristic 
response depended on the two small ‘eyespots’ at the anterior end. To con- 

firm that the ‘eyespots’ were, in Dendrocalum lacteum, really the relevant 
receptor organs, it was necessary to carry out experiments on animals which 
had had their eyes removed. 

These experiments proved rather difficult to carry out because the eyes 
regenerated in about 9 days. However, it was eventually shown that animals 
with eyes removed lose the power of responding, and that this power returns 
when the eyes regenerate. It seems, therefore, that it has been established 
beyond reasonable doubt that the response is mediated through the eyes. 


DISCUSSION 


The form of the response curve of Fig. 2 is similar to the sensitivity curves of 
the known visual pigments. The relative insensitivity to infra-red is a common 
feature of all such curves, and there are strong theoretical reasons why this 
should be so (Fick, 1879; Pirenne, 1951). There is a minimum energy for 
response about 0-475, the curve rises to rather higher values at the blue end 
of the spectrum, and to very high values at the red end. The curve given by 
Viaud (1950) was obtained under quite different conditions. The minimum of 
this curve is at 0-530, but the accuracy of the curve H,) is not high, and it 
cannot be determined whether the difference in minima is a real one. 

The C.I.E. human scotopic response curve is also shown in Fig, 2 for com- 
parison. This curve extends down to 0:380yu. The black dot at 0-365, is an 
extension of the curve based on the results of Wald (1945a). Bearing in mind 
the magnitude of the experimental errors, the two curves are similar in general 
shape for wave-lengths greater than about 0-450, but at the blue end of the 
spectrum there are very large differences. At 0-360 in the near ultra-violet 
the difference in sensitivity, relative to the maximum sensitivity, is over 
3 log units, or about six times the standard error. This difference is probably 
rather underestimated, owing to absorption of the ultra-violet in the glass of 
the bulb, The planarians are relatively much more sensitive than man in this 
part of the spectrum. 

. The relative insensitivity of the human eye to ultra-violet radiation is due 
largely to absorption in the eye media, and particularly in the yellowish 
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lens (Wald, 19454; Stiles, 1948). Subjects whose lenses have been removed are 
much more sensitive to blue and near ultra-violet. Wald (1945a) carried out 
experiments on several such subjects, and obtained the points of the spectral 
response curve for the aphakic human eye which are shown in Fig. 2 (open 
circles). This curve is the same as the C.I.E. curve for wave-lengths above 
0-522, but has lower values than the C.1.E. curve for the shorter wave-lengths. 

Wald (1945a) points out that the relatively high sensitivity of many of the 
lower animals to ultra-violet radiation is probably due primarily to a dif- 
ference in the absorption in the eye media, .and not to a difference in the spec- 
tral sensitivity curve of the pigment involved, and it therefore seems reason- 
able to compare the results obtained with the curve for the aphakic human 
eye. In fact, this curve fits the data fairly well, nowhere differing from the 
experimental curve by more than about 0-5 log unit, which is within the limits 
of experimental error. 

The absolute threshold energy at a wave-length near to the maximum 
sensitivity, as given above (p. 375), is 2:95 x 10-* erg/cm*.sec, or 7-67 x 10° 
quanta/cm*.sec, which is roughly equivalent to 1-4x10-* photopic lux. 
Now the illumination of the ground on a clear moonless night is about 
3x 10~* photopic lux (Le Grand, 1948), or about one-fifth of the animals’ 
threshold, to a rough approximation. Therefore it seems that the threshold of 
the most sensitive animals is of the same order as the illumination received 
from a clear, moonless, night sky. | 

Ullyott (1936) stated that the absolute threshold was ‘usually less than 
7 erg/em?.sec...’. It is not clear from his paper how this figure was obtained. 
White light was used, and the intensity was varied with a rheostat, so that the 
colour temperature also varied. Light intensities were measured with a 
photo-electric cell. Probably Ullyott’s value corresponds to a genuinely 
higher intensity, since he followed the movements of the animals by eye, 
and does not mention having had any difficulty in so doing, but estimates 
made using a photocell in this way cannot be regarded as reliable. 

The absolute threshold in man for a small source continuously exposed 
corresponds to about 100-150 quanta entering the pupil per second (Marriott, 
Valerie B. Morris & M. H. Pirenne, unpublished results; for earlier estimates, _ 
see Pirenne, 1956). For the planarian, the number of quanta per ‘eyespot’ 
per second at threshold is 39 000, as shown above. | 

Now there is a wide range of sensitivity among planarians, and the most 
sensitive animals would still respond 1 log unit below the average absolute 
_ threshold defined for these experiments. (In earlier experiments with a 
_ different filter, Corning 0-515, transmitting over a rather wider wave-band 
with maximum transmission at 0-515, three out of nine animals responded 


at an energy level 1 log unit lower; see Table 1.) Further, the diameter of the 


: ‘eyespot’ used in the calculation is the diameter of the whole pigmented area. 
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The area of the aperture of the eye is considerably smaller—probably by about 
a factor of 2. In terms of the light flux entering the ‘eyespot’, or the eye,some _ 
of the experimental animals may therefore have reached a sensitivity about 
1/20 that of man. 

Consequently, it seems that the planarian eye, simple as it is, is not much 
less efficient as a detector of light than the human eye. Of course, the actual _ 
threshold in terms of the light source intensity is some 4 or 5 log units higher 
but this is mainly owing to the difference in pupil size. In some animals used 
in these experiments the retinal mechanism itself required only about twenty 
times as much light as in man for a response, and there may, of course, be 
even more sensitive animals with a threshold comparable on this sig to 
that of man. 

SUMMARY 

1, Experiments were carried out to determine the spectral sensitivity and 
absolute visual threshold of Dendrocelum lacteum. The photonegative 
response to lateral light stimuli was used as an indication of visual sensitivity. 
The threshold, the level at. which a certain predetermined proportion of the 
animals failed to respond, was taken as an inverse measure of spectral sensi- _ 
tivity. The absolute value of the threshold was determined for light near the _ 
wave-length at which the animals were most sensitive. 

2. The following conclusions were reached : 
(a) The animals are insensitive to infra-red radiation. 
(6) The sensitivity curve for visible light is roughly similar to that of the 
human eye from which the lens has been removed. The animals are relatively 
more sensitive than man (with a lens) to the blue end of the spectrum. 
(c) The animals are relatively more sensitive than man to the near ultra-violet 
(about 0-360). The calculations in this region are not very reliable, but 
probably the threshold energy is rather over-estimated. The orspine: ultra- 
violet radiation was not investigated. 
(d) The response is mediated through the ‘eyespots’. 
(e) The absolute threshold for green light corresponds to an illumination of 
1-4x10-* photopic lux, or about 39.000 quanta per ‘eyespot’ per second. 
This is an average value, and some animals are much more sensitive. The 
efficiency as light detectors of the ‘eyespots’ themselves is possibly little less 
than that of the human eye, but the animal requires a much higher illumina- — 
tion to respond on account of the very small size of the ‘eyespots’. 

The experiments described in this paper were planned and started in collaboration with 
Dr M. H. Pirenne, now of the University Laboratory of Physiology, Oxford. We are deeply in- 
_ debted to Mr H. C. Gilson, director of the Windermere Laboratory of the Freshwater Biological 
Association, for facilities to carry out the earlier experiments in his laboratory and for supplying 
animals for the later experiments. Later experiments were carried out in the Physiology Depart- ; 
ment, University of Aberdeen, and the University Laboratory of Physiology, Oxford. Theapparatus 
was acquired through the support of the Medical Research Council and the Nuffield Foundation. 
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DOES THE HYDROSTATIC PRESSURE OF THE WATER IN A | 
VENOUS OCCLUSION PLETHYSMOGRAPH AFFECT THE 
APPARENT RATE OF BLOOD FLOW TO THE FOREARM? 


By WILLIAM F. M. WALLACE 


hie the Department of Physiology, The Queen’s 
University of Belfast 


(Received 30 May 1958) 


Venous occlusion plethysmography as devised by Brodie & Russell (1905), 
used by Hewlett & Van Zwaluwenburg (1909), Grant & Pearson (1938) and 
others, and recently described in detail by Barcroft & Swan (1953), has become 
a much used and convenient method of measuring directly the rate of blood 
flow in the limbs. 

The method depends for its validity on a number of suppositions: 

1. The application of the pneumatic collecting cuff pressure does not affect 
arterial pressure in the part studied: that, in fact, distal arterial pressure is not 
affected has been shown by Wilkins & Bradley (1946). 

2. There must be no leak of venous blood past the collecting cuff for a finite 
_ time after the pressure has been applied. 

3. The resulting increase in venous pressure does not initially reduce the rate 
of arterial inflow. 

4, The impounded blood causes the segment under study to swell proportion- 
ately to the rate of arterial inflow, without significant duaplacernent of tissue or 
body fluids from the plethysmograph. 

Points 2, 3 and 4 have recently been shown to hold by Formel & Doyle 
(1957). | 

They found that plethysmographically determined rates of blood flow were _ 
about 96% of directly metered rates. 

It has, however, further been suggested that the hydrostatic pressure of 
water as used in the water-filled plethysmograph may have some effect on the 
apparent rate of inflow of blood to the limb. This matter has therefore been 
studied for the range of heights normally found in the forearm plethysmograph, 
and also for a range extending to 10 cm above the normal range. 
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METHODS 


Experiments were carried out on eleven healthy men, whose ages ranged from 20 to 34 years. 
Forearm blood flow was measured using the water-filled temperatur trolled plethysmograph 


described by Greenfield (1954). This was, however, modified by the replacement of the vertical 
glass tube (11 cm long) by a similar but longer one (22 cm long) so that a greater range of hydro- 
static pressures could be investigated. The stirring motor was raised, and a longer collar provided 
for the stirrer of the inner compartment. The vertical glass tube of the plethysmograph was 
calibrated in centimetres above the line joining the centres of the two orifices of the inner compart- 
ment. In this way the height of the water level above the axis of the forearm could be read 
directly. Circulation to the hand was occluded by a pneumatic wrist cuff inflated to 200 mm Hg 
2 min before forearm flows were recorded. The collecting cuff on the upper arm was inflated to 
70 mm Hg. Air was displaced from the plethysmograph into a float recorder writing on smoked 
paper. The plethysmograph was connected via a tap with a reservoir containing warm water, so 
that the level could be rapidly changed. 

Experimental procedure. The subject, who was comfortably warm, sat with each forearm 
in a plethysmograph at heart level on a table in front of him. Blood flows were recorded in 
groups of four occupying 1 min. About sixty (range: 61-67) such groups of flows obtained, 
there being usually three or four intervals of about 10 min during which the wrist cuff was 
released. 

The water levels were always identical in the two plethysmographs, and were altered after each 
group of four flows. The heights were systematically varied to follow as closely as possible the 
following patterns (height in centimetres): (1) Normal height range, 16—-14~-12-10-9-11-13-15 and 
repeat; (2) Greater height range, 26—22-18-16-20-24-25-21-17-19-23 and repeat. These sequences 
were chosen because, (a) they cover evenly the range of heights being investigated, and (b) in this 
way the water level of the plethysmograph is raised and lowered through the complete range 
many times during an experiment, thus tending to eliminate any effect produced by the natural 
variation in forearm blood flow over the period. The height of the water level in each plethysmo- 
graph in a given minute was recorded just after the collecting cuff had been inflated. The four 
flows obtained for each arm in a given minute were averaged, so that the results for each experi- 
ment consisted of about sixty pairs of observations of flow and height for each arm. The actual 
variations in height, with the corresponding flow rates, in the left forearm during a complete 
experiment are shown in Fig. 1. For each individual forearm in each experiment a ‘scatter 
diagram’ relating blood flow to height of water above forearm was constructed, and the coefficient 
of correlation (r) between height and flow was calculated. 


RESULTS 


In each of the two ranges of heights, observations were made on twelve fore- 
arms, with over sixty groups of four flow recordings for each. The results 
presented are thus, in each range, based on some three thousand individual 
measurements of forearm blood flow. | | 

The over-all mean rate of flow for all the experiments was 3-5 ml./100 ml./ 
min. The mean rates of flow for individual experiments ranged from 1-7 to 
8-3 ml./100 ml./min, and the absolute range of the flows recorded was 1-0- 
11-5 ml./100 ml./min. Details of all the experiments are given elsewhere 
(Wallace, 1958). Fig. 2 shows, for example, one of the scatter diagrams of flow 
and height over the normal range of heights. Fig. 3 shows, for example, one 
of the scatter diagrams over the greater than normal height range, and, for 
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reasons given later, the regression line of flow on height which has been fitted 
to the observations. 
In Fig. 4 the correlation coefficients obtained in both ranges are shown 
graphically. With the number of observations used, a correlation coefficient _ | 
greater than 0-25 is unlikely to arise by chance more than once in twenty times 


1, forentm ‘blood lows ond. heights of water | 
column above arm (upper panel) for the left arm during a complete experiment. 
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Fig. 2. Scatter diagram of flow and height over the normal height range. 
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(i.e. for p.F.=60, P=0-05, level of r=0-25). Consequently, appropriate 
horizontal lines have been drawn in this figure to include all values of r which 
cannot be shown to be significantly greater or less than zero. Values outside 
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| these lines are significant at the conventional level of probability P=0-05. 
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Height of water above forearm (cm) 


Fig. 3. Scatter diagram of flow and height over the greater height range, with the regression line 
of flow on height which has been fitted to the observations. 
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: Fig. 4. The correlation coefficients obtained in the two height ranges. All values between the 
dotted horizontal lines are not significantly different from zero at the conventional level of — 
probability, P =0-05. 
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| DISCUSSION 
Normal height range 


None of the correlation coefficients obtained for the normal height range was _ 


significantly different from zero. The values were fairly evenly distributed about 
zero. It is concluded that, over the range of heights (9-16 cm above forearm) 


normally encountered in the plethysmograph, variations in the hydrostatic — 


pressure of water on the arm have no effect on the recorded rate of blood flow. 


This result indicates that there may be some compensation in the circulation : 


for the probable slight reduction in perfusion pressure under these circumstances. 


Greater height range 


In this range (16-26 cm above centre of arm) only two of the siatdasion 3 


coefficients were significantly different from zero. However, all but one were 
negative. The pooled correlation coefficient from the twelve estimates in this 


higher range was found to be —0-1198, and was statistically highly significant 
(P<0-01). Hence, in this range of heights, hydrostatic pressure has been — 


observed to have a negative association with the apparent rate of blood flow. 
To establish the extent of this effect, the pooled regression coefficient of flow 
on height was calculated. It was found that increasing the height of the 
plethysmograph water level by 1 cm decreased, on average, the observed blood 
flow by 0-026 ml./100 ml. forearm/min. The standard error of this result is 
0-0078 ml./100 ml./min, so the 95% confidence limits for the regression co- 


efficient are —0-010 to —0-042 ml./100 ml./min/em rise of water level. 


Tf, as a very rough approximation, the perfusion pressure in the forearm is 
taken as 100 mm Hg, or 136 cm of water, the average resting flow of 3-5 ml./ 


100 ml./min might be expected to be decreased by one 136th part, that is by _ 
0-026 ml./100 ml./min/cm rise of water level. The exact agreement of this © 


figure with that observed experimentally is almost certainly fortuitous, but 
they are clearly of the same order of magnitude. It is concluded that, in the 


range of heights extending to 10 cm above the normal range, the hydrostatic 


pressure of water on the arm results in a very small reduction in the apparent 
rate of blood flow, but this effect is, for practical purposes, negligible. 


The results show that, in the range of heights normally found in the forearm — 


plethysmograph, the height of the water above the forearm is of no importance. 

Comparisons made with this method are therefore strictly valid, even though 
the water level may vary from time to time. From the practical point of view, 
any effects due to variations in height even up to 10 cm above the normal are 
negligible. This investigation has revealed nothing to suggest that flows 
obtained with the arm surrounded by water are different from the actual flows 
with the arm in air. 
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SUMMARY 


1. A statistioal analysis has been made of the effect on the apparent rate of 
blood flow in the human forearm of varying the height of water in the column 
of a water-filled plethysmograph. 

2. Correlation coefficients, relating apparent rate of blood flow to height 
of water above forearm, were calculated for twelve forearms, using the normal 


range of heights (9-16 cm), and for twelve forearms, using a greater range of 


heights (16-26 cm). In each experiment there were about sixty paired obser- 
vations of flow and height. 

3. In the normal range of heights no evidence of an effect of hydrostatic 
pressure on the apparent rate of blood inflow to the forearm was obtained. 

4. In the range of heights extending to 10 cm above the normal, there was 
evidence suggestive that hydrostatic pressure caused a small reduction in the 
apparent rate of blood flow, but this effect is, for practical purposes, negligible. 

5. Itis concluded that blood flows measured with the water-filled plethysmo- 
graph are strictly comparable, even though the water level may vary from time 
to time. 

6. The investigation has revealed nothing to suggest that flows shtnined 
with the arm surrounded by water are different from the actual flows with the 
arm in air. 


I should like to thank Professor A. D. M. Greenfield, Drs B. 8. L. Kidd, W. E. Glover and E. A. ° 
Cheeseman and Mr J. D. Merrett, for their advice and help, and all the subjects for their co- 


Operation. 
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NEUROMUSCULAR INTERACTION IN POSTURAL TONE OF 
THE CAT’S ISOMETRIC SOLEUS MUSCLE 


By RAGNAR GRANIT 


From the Nobel Institute for Neurophysiology, Karolinska Institutet, 
Stockholm 60, Sweden 


(Received 24 February 1958) 


To Liddell & Dsibiatin’ s (1924) classical work on the stretch reflex Denny- 
- Brown (1929) added a fundamental contribution when he found red muscle to 
have a lower threshold for stretch for the postural or maintained component 
_ than pale muscle. He also showed that postural reflexes were run at very slow 
frequencies of motor discharge (5-25/sec), the motor units preserving an 
approximately even rate of firing at different extensions of the muscle. The 
increase of the stretch reflex with greater pull he attributed to recruitment of 
fresh motoneurones. On the muscular side this work was a vindication of 
Ranvier’s (1874) view that ‘les pales, avec leur contraction brusque, seraient 
de muscles d’action par excellence; les rouges, avec leur contraction plus lente 
et plus persistante, seraient plutét équilibrateurs ou régulateurs’. In the same 
paper Ranvier described their different mechanical properties. For recent 
histological work, see Kriiger (1952). 

Much new information in this field (summarized, Granit, 1955, 1957; 
Hammond, Merton & Sutton, 1956) calls for some attention to be devoted to 
the neuromuscular integration. An attempt will be made below to put the 
recent results from work on the y-spindle system, the small tonic « moto- 
neurones, and inhibition brought about by the Golgi recurrent collaterals 
into their proper places in the functional or physiological totality serving to 
maintain tone. Muscular force must also be considered. 

To Sherrington’s (1909) acute observations we owe the distinction between 
elastic and plastic tone. From Blix (1895) onwards (cf. Evans & Hill, 1914; 
- Buchthal, 1942; Hill, 1950a; Wilkie, 1956) a wealth of information exists 
which goes to demonstrate that an isolated contracting stretched muscle of 
the striate type could only produce elastic tone. The nervous system or an 
unknown factor has to be invoked to make striate muscle plastic, which means 
that it would have to sos towards the same tension independently 
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of length, This state Sherrington actually described with isotonic ey 
a situation in which the y-spindle system must be set to a mode of action 
different from its behaviour in isometric recording. The two cases will be 
treated separately. Isometric conditions alone are discussed in the present 


work. 
It has been found convenient to analyse these problems in terms of a concept 
such as loop gain, a derivative which is the amount of myotatic reflex tension 


(output) produced per unit extension (input) in grams per millimetre. 


METHODS 


Cats were decerebrated pre- or intercollicularly by suction. Sometimes Thiogenal (Merck, Darm- 
stadt; sodium salt of 5-(2-methylthioethyl)-5-(L-methylbutyl)-2-thiobarbituric acid) was used for 
the first stage of the operation, later ether alone. Further surgical measures were: laminectomy, 
denervation of the left leg usually leaving intact only the supply to the ankle extensors, in some 
cases also to the freed tibialis anterior; fixation at hip, knee and foot of this leg; slings of silk 
occasionally placed around the ventral roots L6-S1 for easy de-efferentation; in the cases when 
the spinal cord was exposed, the ventral roots below S1 had mostly been divided. In some cases 
no laminectomy was performed. A detailed description of the technique is given in Eldred, Granit 
& Merton (1953), who measured input frequencies and in some experiments also tension as a func- 
tion of extension without separating its active from its passive component. Temperature control 
has since been added, based on thermocouples in the rectum, under the skin of ankle extensors 
and in the paraffin oil covering the spinal cord. 

Indicator muscular afferents in functional isolation from small filaments were nearly always 
used, mostly also electromyographic control of total output. In some cases tonic efferent units 
were isolated in the ventral roots. All indicator fibres were soleus spindle afferents and soleus 
tonic efferents isolated by the criterion that they responded to pull on this muscle more easily 
than to pull on the gastrocnemius. An exception is Fig.-1 (records 1 and 2) and one curve in Fig. 4, 


in which the undivided gastr ius-soleus was used. For electromyography steel pins, insulated 
except over some millimetres at the tip, were thrust into the soleus. Sometimes unipolar recording 
against earth was used. 


The muscle was attached by light metal hooks and rods to the strain-gauge myograph. Zero 
tension at resting length could be adjusted to within 10 g. The muscle was extended by hand and 
set to the desired length by observing a pointer magnifying the movement about three times. 
Measurements were restricted to the time between the 4th and 5th second after onset of stretch. 
At this time elastic and contractile forces as well as neural governors have reached a semistationary 
state of equilibrium. 

Principles of measurement. This paper is concerned with active postural tension, so that passive 
tension due to extension as such must be deducted from the total after suppression of the stretch 
reflex by inhibition. This was achieved by electrical or mechanical stimulation of the severed 
hamstring nerve (Liddell & Sherrington, 1924; Denny-Brown, 1929); occasionally the soleus reflex 
was inhibited by pull on the antagonist tibialis anterior (Cooper & Creed, 1927; Granit, 1952). 
Against large extensions inhibition may not be complete and occasionally nerve stimulation may 
produce mixed effects. Passive tension has therefore been regularly measured after denervation 
or (sometimes) after administration of Flaxedil (May and Soken, gallamine triethiodide). Figs. 1,8 
and 9 illustrate inhibitions during a stretch reflex. 

Discussion of errors, Great accuracy can never be expected in measurements of active reflex 
tension. Reflex behaviour may vary and the curve for passive tension (examples of which are 
shown in Figs. 5 and 6) at great extensions differs from its active counterpart at equivalent lengths 
by the different amount of series elastic contributions to the total (see, for example, Hill, 19504, b; 
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Wilkie, 1956). This error may occasionally account for a kink in the curves (cf. Fig. 4). With weak 
stretch reflexes it is a good precaution to tap the gastrocnemius tendon after long extensions, 
because this causes a jerk in soleus (Denny-Brown, 1929) and makes it taut before the next stretch. 

Another uncertainty enters into the assessment of zero extension on the basis of zero tension. 
This is probably best understood by considering a specific case in which the stretch reflex is 
strong so that the muscle is already shortened by contraction in the resting state. An instance is 
the preparation used for the uppermost curve of Fig. 4. Since zero extension, there as always, 
is adjusted (within 10 g) on the basis of zero tension, pull on the muscle will actually start from 
a negative value of extension. At the same time intrafusal spindle fibres are likely to be too slack 
relative to the contracted extrafusal ones and so feel the full effect of stretch at an extension 
greater than the one needed for a preparation in which intra- and extrafusal fibres at zero tension 
are at the same extension. Again, with low y bias, the muscle will have to be stretched a great 
deal before the spindles begin to discharge properly. 


RESULTS 
Input and output frequencies 

Fig. 1 represents samples of discharge frequencies of indicator spindles and 
individual tonic efferent fibres. With regard to output frequencies Denny- 
Brown’s (1929) findings were confirmed. The discharge in the isolated tonic 
ventral root fibre did not vary very much in frequency at different extensions 
of the muscle. In confirmation of Denny-Brown, recruitment was also found; 
fibres of higher threshold than the one isolated turned up at greater extensions 
unless considerable care had been given to the dissection of the filament. In 
Fig. 1 the records 1 and 2 belong to the same experiment and the efferent 
discharge frequency of the big unit was constant for all extensions. In record 3 
the fibre discharges at a frequency of 6/sec at all extensions and in the figures 
_ its frequency is shown for 10 mm extension (see also Fig. 7). However, very 
little attention was given to this aspect of the problem as there seemed no 
reason to doubt Denny-Brown’s (1929) conclusion that variation of output 
frequency per neurone is modest or absent, remarkable though this finding was 
in the light of what was known at the time of the properties of stretch 
receptors (Adrian & Zotterman, 1926). In all, six motoneurones were isolated 
in the same number of animals and their frequency of discharge was found not 

to vary significantly for extensions of the order necessary for stretch reflexes. 
Fig. 1 also shows that during inhibition of active tone the frequency of the 
- indicator spindle may be increased (cf. Granit, Pascoe & Steg, 1957). The 
reasons for this may be purely mechanical. There is also a body of evidence 
_ (Hunt, 1951; Eldred et al. 1953; Buller & Dornhorst, 1955; discussed by 
- Granit, 1955) demonstrating autogenetic inhibitory effects on the y moto- 
- neurones coming from tension-sensitive muscle receptors whose discharge — 
_ frequency will diminish when tension decreases. For the present work, how- 
__ ever, it is only necessary to know the average input frequencies of the spindles 
at different extensions and not what happens to them when the stretch reflex 
_ is gone. The average values from twenty soleus spindles are presented in Fig. 2. 
| | 25-2 
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Fig. 1. Samples illustrating inhibition of stretched ankle extensors. The records are from two 
experiments (1-2 and 3) in each of which the upper pair shows discharge in a tonic ventral 
root fibre (VR) and myogram (M), the lower, discharge of the indicator spindle in a dorsal 
root fibre, (DR) and myogram (M). 1, slight initial reflex tension in the undivided gastro- 
cnemius inhibited by squeezing cut end of hamstring nerve; 2, same during 7 mm extension, 
inhibition 530 g. 3, another animal, stretch reflex in soleus at 10 mm extension; inhibition 
470 g by hamstring tetanus. Note the low ventral root frequencies of discharge, 13/sec in | 
and 2, 6/sec in 3, despite choice of experiments with very large stretch reflexes; also the 
increase of firing frequency from indicator spindle during inhibition and its highly irregular 
rhythms during reflex activity. On the right, calibration of TRV OREN EH } in this and all similar 
figures. Exceptionally, in records 1 and 2, the undivided soleus-gastro was used. 


0 | 2 s 6 8 10 12 
| Extension (mm) 
Fig. 2, Average discharge frequencies of 20 soleus spindles as a function of extension, The 
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The final state of balance reached by the various spindle governors has led to 
the simple outcome that, on an average, discharge frequency increases linearly 
with extension, the slope being 3:5 impulses/mm (cf. Eldred et al. 1953, for 
individual curves). Beyond 10 mm the flattening of the curve is likely to be 
due to autogenetic y inhibition (Hunt, 1951; Eldred et al. 1953). Setting of 
the zero is difficult (see above, Discussion of errors) and hence no accuracy can 
be expected between zero and 2 mm before the metal links joining muscle and 
myer have been pulled taut. 


Myotatic loop gain ‘and muscle 


Whilst passive tension (Figs. 5, 6) tends to be approximately propetions 
to log. extension, myotatic or active tension at its best behaves as in Fig. 3. 
The rule is that reflex tension is proportional to extension, as has also been 
found independently by Matthews (1958). The proportionality constant in 
grams per mm is a measure of myotatic loop gain. It is given in the legends of 
the figures and also, in the text, briefly referred to as the gain constant. One 
might say that the reflex increases ‘stiffness’ in such a way as to make the 
muscle the better conform to Hooke’s law for elastic bodies. In the different 
reflexes of Fig. 3 the myotatic gain constant has varied from 19 to 102 g/mm 
extension. If total tension is plotted instead of the reflex fraction alone, 
passive tension may dominate the picture. The curves then tend to become 
logarithmic, as in a paper by Koella, Nakao, Evans & Wada (1956) in which 
the total tension of small reflexes was plotted. 

Fig. 4 shows that the slope of the curves sometimes changes. Curve 1 can 
alternatively be made linear, but the points of curve 2 lie on two straight lines 
(P. B. C, Matthews, personal communication). Several possible explanations 
are available (cf. Discussion of errors), factors such as zero errors, onset of full 
effect of series elasticity at a certain tension or a late start of recruitment of 
fresh motoneurones. Curves 3 and 4 compare the same stretch reflex early and 
late in the experiment. The loss of gain over some hours is, no doubt, chiefly 
due to exposure of the spinal cord and isolation of a filament for dorsal root 
units. Matthews (1958, and personal communication), who has paid special 
attention to constancy of conditions and therefore generally left the spinal 
cord unexposed, finds greater stability of the reflex. 

It is generally taken for granted that the greater stretch reflex at greater 
extensions follows from recruitment of fresh neurones and this undoubtedly is 
true of the spasticity of many rigid cats and of spasticity in man, There have 
been ample opportunities in the present work of confirming this finding (first 
made by Denny-Brown, 1929; and also confirmed by Matthews, 1958). But 
all tonic activity need not be run in this fashion. A complex organization may 
have several degrees of freedom. To be able to proceed with this problem it 
was necessary in the first instance to find out how soleus responds to constant 
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electrical stimuli to its nerve at different frequencies. The conditions differed 
from those used above merely by nerve section interrupting the connexion 
with the spinal cord. Fig. 5 shows an oe with a ‘muscle-nerve 
preparation’ of this 


Extension (mm) : Extension (mm) 
‘Fig. 3 Fig. 4 
Fig. 3. Reflex gain constants. Plot of reflex contraction in stretch (g tension) against extension of 
muscle (mm). Muscle initially at zero extension. Uppermost curve refers to soleus and 
gastrocnemius together, the rest to soleus alone. The gain constants from above downwards 


are 102, 102, 88, 54, 22 and 19 g/mm and have been derived from the straight lines drawn 
through the data. : 


alternative to a curve with a kink (broken line); 2, upper portion with gain constant 82 g/mm; 
3 and 4 are plots of early and late stretches in the same experiment; reduction of gain from 


In imitation of the reflex output a sone rate of 14 shocks/sec was used. In 
the analysis (right) of Fig. 5 tension again is proportional to extension, demon- 
strating that theoretically myotatic loop gain could also be constant without 
recruitment of fresh neurones, merely on the basis of a constant efferent 
- output. In this particular case 8 mm is the range of definition of the rule. 

_ Fig. 6A and Bis an analysis carried out at various frequencies and strengths 
_ of stimulation with one muscle, though not the only experiment of its kind. 
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These experiments agreed in proving that low stimulus strengths and fre- 
quencies often made the curves approach the logarithmic relationship charac- 
teristic of passive tension, as a function of extension. Such curves may also 
be drawn with two linear components. Thus, when the output is constant and 
recruitment excluded, the rule that tension is proportional to extension is 
obtained with the same fidelity and the same deficiencies at small extensions 
as in reflex action. The validity of this rule, therefore, does not necessarily 
demonstrate that the stretch reflex recruits fresh neurones when muscle length 
is increased. Active contraction in response to a constant stimulus (constant 
output) also increases in direct proportion to extension. 


B 


Extension (mm) 


Fig. 5. Nerve-muscle preparation. A: soleus stimulated at rate 14/sec at the extensions shown 
alongside curves. B: experiment A analysed in a plot of active (above) and passive (below) 


tension in grams against mm extension, Time marker, 0-02 sec. 
Recruttment or constant output 


If the electromyogram fails to show signs of recruitment—as it occasionally 
does—it is always possible to argue that it has been selective and has failed to 


_ record from distant muscle fibres. It is not possible to disprove this argument 


even though it seems unlikely. The increase in spike activity with extension is 
so clear in most cases (cf. Denny-Brown, 1929; Matthews, 1958) that it should 
be obvious whenever present. Constant output can be expected, not only with 
weak stretch reflexes but also with strong ones acting with much synchrony 
of individual neurones or else mobilizing most of the small tonic motoneurones 
even at zero extension. 

Consider, for instance, the case, illustrated in Fig. 7, of one of the muscles 
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used for Fig. 3 with gain constant 22 g/mm. The records refer to zero, 2, 4 and — ; 
8mm extension. It is seen that the electromyographic output varies from 
stretch to stretch as, indeed, often happens with decerebrate animals, but 


actually the maintained rate of discharge of the motoneurone was slightly 


faster at 2 than at 8 mm and again slower at 4mm. It bore no necessary 
- relation to.extension, and there is recruitment of fresh units only during the 
onset of pull in response to the initial avalanche of afferent input. This initial 
recruitment shows that fundamentally the electrodes could detect other units. 
These, however, were not maintained. 
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Fig. 6. Soleus tension-length diagrams. Tetani as in Fig. 5 to soleus nerve. A: lowermost curve 
illustrates passive tension to stretch, the rest active tension to stimulation at the frequencies 
on the right against the curves; stimulus strength varied, as shown by tension of responses 
at zero extension; uppermost curve nearly maximum. The line at 2 mm length put in for 
comparison with stretch. B: same to show effect of stimulus frequency alone. 
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_ Fig. 8 shows records of a highly synchronized response to stretch. The 
inhibition by hamstring stimulation (see legend) demonstrates that the reflex 
_ was large. The electromyograms do not suggest any recruitment whatever, 
except perhaps at 12 mm extension, so that this reflex well may have been run 
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on the basis of a steady output at all lengths. Its gain constant was 85 g/mm, 
valid over 8 mm from 4 to 12 mm extension. It is not necessary to 
illustrate recruitment since this is well known from previous work quoted 
above. 


a ~ 


—— 


= 


Fig. 7. Soleus stretch reflexes with moderate gain of 22 g/mm at the extensions marked on the 
left. Each set of records illustrates indicator spindle (DR), myogram (M), electromyogram 
(EMG) and myogram (M). Note irregularities in spindle firing. 


Significance of spindle control i 

Even though soleus is slow and—one would surmise—builds up a consider- 

able increase in the duration of active state (Hill, 1949) during tetanic stimu- 

lation (ef. for frog muscle Ritchie & Wilkie, 1955), most muscle units within it 

are forced to oscillate between contraction and relaxation. Its fusion frequency 

is 33/sec and up to 5-6/sec the individual twitches do not sum (Cooper & Eccles, 
1930). The reflex output, as we have seen, is 5-25/sec. 


Eldred et al. (1953), who noted the variations in both spindle frequency and myogram during 
stretch, held the spindle variations to be largely due to variations in central outflow of y 
impulses which, indeed, is variable (Granit & Kaada, 1952; von Euler & Séderberg, 1956, 1957). 
Halliday & Redfearn (1956) and Hammond et al. (1956) have studied in man the oscillations in 
a voluntary task (references to work on man in their papers) and come to the conclusion that 
the rhythm with a peak frequency around 9/sec is an ‘oscillation in the muscle servo’. This view 
is supported by Lippold, Redfearn & (1957). 
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From what has been pointed out above, it seems clear that the stability of 4 
the output frequency per neurone forces the muscle to oscillate. Records 1-3 
of a stretch reflex at high sensitivity in Fig. 9 show such reflex oscillations. 


Inhibition by pull on the tendon of tibialis anterior (record 3) smooths out the | , 


oscillations and removes active tension. 


2mm 4mm 

10 mm 12mm 

| 

610 


Fig. 8. Soleus stretch reflexes with gain constant 85 g/mm at 2, 4, 10 and 12 mm extensions, as 

_ marked above records, each of which shows myogram and electromyogram vertically and 
sample sweeps of the latter horizontally. Inhibition by electrical stimulation of hamstring 
activity completely. Note, bY comparing with myograph calibration, 
Finally, it is necessary to realize that soleus runs to the same tendon as the 
two gastrocnemii and the plantaris and that in sensitive preparations it is 
easily shown that there is synergy of a very interesting kind. This is illustrated 
in Fig. 10, in which both soleus (upper myogram) and gastrocnemius (lower 
_ myogram) are connected to myographs, the electromyogram being taken from 
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Fig. 9. 1 and 2, large soleus stretch reflex at 6 mm extension; continuous record, spindle discharge 
in 1 having been exchanged for electromyogram in 2. 3, soleus stretch reflex (at 6 mm 
extension) and electromyogram. Inhibition in the middle of the record by pulling slowly on 

' the tibialis anterior tendon. Stretch reflex recovers when tibialis anterior released. Time 

| | marker, 1 sec. 


Fig. 10. Simultaneous records of soleus and gastrocnemius. Upper myogram (calibration 120 g) 
in each set of records refers to soleus at 4-8 mm constant extension and an average tonic 
‘ stretch reflex of 40g. Lower myogram refers to variable stretch of gastrocnemius to the 
) : extensions marked on the left in mm. EMG in soleus. There are small synergist stretch 
reflexes in soleus of 6, 12 and 38 g when gastrocnemius is extended by 4,6 and 8mm, 
respectively. Lowermost set of records illustrates in the same experiment the six last tendon 
taps on gastrocnemius of a series of twelve and the well maintained tension of around 100 g 

in soleus as against 18 g in gastrocnemius. , 
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the soleus. Pull on the gastrocnemius (2-8 mm) elicits a small stretch reflex _ 
in soleus kept at around 4:8 mm constant extension (40g active tension). _ 
There is also a stretch reflex in the gastrocnemius, though less well maintained, 
as is shown by the myogram, and small, considering the size of the muscle. 
Finally the gastrocnemius tendon is tapped 12 times (the last 6 taps shown) 
and soleus builds up a long-lasting postural reflex of 100 g while gastrocnemius 
only produces 18 g slow tension that soon vanishes. Thus rapid changes in the 
synergists are transformed by the soleus into a slow supporting postural reflex. 
Further, it is important to note that interrupted stimulation in the lowermost —_| 
record of Fig. 10 proved to be more efficient than a continuous stream of _ 

gastrocnemius spindle impulses in the upper ones. - 


| DISCUSSION 
Whilst it would be wrong to maintain that the y system only deals with | 
postural tone, this is the aspect from which it has been considered in the 
present work. The state of decerebrate spasticity is an exaggeration of posture 
—as Sherrington always emphasized—but it illustrates several characteristic 
features of the mechanism. There is first the tonic y drive operating a tonic 
afferent input, which in its turn operates slowly discharging tonic « moto- 
neurones destined for slow tonic muscle fibres. These, no doubt, are associated _ 
with both spindles and motor end-plates, which further research will show to 
differ from the corresponding organs in phasic muscle. There is thus a systemic 
unit of biological adaptations strongly reminiscent of the one described by 
Bremer, Bonnet & Moldaver (1942) in frogs. Muscular contraction, which is 
the ultimate net result of all these regulated operations, by the rule that reflex 
tension is proportional to extension reflects mechanical properties of slow muscle 
at different lengths. It should be recalled once more that the results refer to 
isometric reflexes and maintained elastic tone. 

' The synthetic view arrived at is best summarized by beginning from the 
proprioceptive end. The y excitation, without which there is very little sensi- 
tivity to stretch, sets up tension in the spindles and thus, as it were, elevates 
their frequency/extension curve at the lower end far above that of the dener- 
vated spindle (cf. Eldred et al. 1953; Matthews & Rushworth, 1957). However, 
excitation is kept in check by tension-sensitive inhibitory reflexes on the — 
y system, as pointed out above. Thus spindle frequencies are prevented from 
_ reaching excessive values, at least at greater extensions. In the present paper 
interest has been centred on the net result of all these mechanisms, which is 
seen to be that in a tonic muscle the average static spindle frequency is a linear ~ 
function of extension (Fig. 2). Results with individual spindle afferents by — 
Eldred et al. (1953) suggested this rule. | 

On the output side a special set of motoneurones are mobilized, the sma!! _ 
tonic « motoneurones of Granit, Henatsch & Steg (1956). These have interest- _ 
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ing special properties. There are (i) the long after-hyperpolarization (Eccles, 
Kecles & Lundberg, 1957 a, b), and (ii) the fact that they always, when tested, 
have been found to be subject to recurrent inhibition (Granit, Pascoe & Steg, 
1957; cf. also Holmgren & Merton, 1954). Both these influences will be counter- 
balanced by a sufficient depolarizing inflow from the spindles. But (iii) a third 
important property antagonizes depolarization, namely the strongly cumula- 
tive character of recurrent inhibition brought about through the Golgi 
collaterals (Granit, Pascoe & Steg, 1957). This process is so effective that, in the 
absence of y bias, the tonic « motoneurones under experimental conditions may 
be completely silenced. Sometimes when oscillations in stretch are vaguely 
described as being caused by instability in the muscle servo, the real state 
of affairs, on the contrary, is that the control of the output from the tonic 
« motoneurones is super-stabilized by cumulative recurrent inhibition, and, 
indeed, at such low rates that the muscle is forced to oscillate (cf. Fig. 9). 

The heavy stabilization of output frequency makes number of neurones 
(recruitment) a relatively more important variable and also raises the question 
of whether oscillations are a by-product or usefully employed in the main- 
tenance of the stretch reflex for other purposes than to improve blood supply. 
Fig. 10 showed that maintained stretch of gastrocnemius was far less efficient 
in setting up a good soleus stretch reflex than were repeated tendon taps. 
Quite generally one finds that maintained discharge of the small tonic « cells 
is much better upheld by spindle bursts interrupted by pauses than by a 
steady discharge (Granit, 1956; Granit, Pascoe & Steg, 1957; Granit, Phillips, 
Skoglund & Steg, 1957). 

The spindle discharge may be described as tonic in stretch but its phasic 
oscillations are important and can cause higher discharge frequencies. Slack 
spindles do not follow phasic changes well, as was proved by Granit & Henatsch 
(1956). Thus, also on this view, it can be understood why y activity is necessary 
for good stretch reflexes (Eldred ef al. 1953; Henatsch & Ingvar, 1956; 
Matthews & Rushworth, 1957; Matthews, 1958). Recurrent, cumulative inhi- 
bition will, in a so-called ‘y cat’ (which is the Sherrington type of animal), be 
unopposed if y bias runs down. The threshold for maintained stretch reflexes 
should be regarded as a state of balance between spindle input and recurrent 
inhibition on the output side. © 

Matthews (1958) hasrecently applied to this problem the technique of selective 
removal of y activity by cocainization. First he established that myotatic 
loop gain, in agreement with the present results, was constant. When he then 
proceeded to cocainize the nerve, in order to produce a successive diminution 
of y control, he obtained a series of curves shifted to the right in a diagram of 
the type shown above in Fig. 3. In other words, the threshold of the stretch 
reflex became increasingly higher. At any rate, therefore, the y os sets | 
the threshold of the spindles. 
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When in the present work constant loop gain was found, it was originally 
believed that such a simple rule indicated that one mechanism alone had been 


engaged, namely recruitment on a linear basis (Fig. 2) which would mobilize 


fresh neurones linearly. The experiments with contractions imitating constant 
output made it necessary to examine the electromyograms closely in order to 
exclude the possibility that constant loop gain simply followed from constant 
output. Some of the results (Figs. 7, 8) then suggested that this alternative 
must also be taken seriously. 

It is difficult to know which alternative, constant or recruiting output, is 


more common in normal tone. The decerebrate animal, as stated, represents — ‘ 


pathologically exaggerated tone. Both principles must be regarded as avail- 


able mechanisms of motor control and be considered in future studies. In man — : 


some authors (see, for example, Ralston & Libet, 1953) seem to think that 
electromyographic activity is absent, whilst others, e.g. Joseph, Nightingale 
& Williams (1955, with references), see it clearly. It may well be that in man 
the tonic muscle fibres are sometimes difficult to detect, particularly if the 
output is small and constant. Ifso, the system serves as a regulated mechanism 
rather than as a ‘follow-up’ length servo. The latter term, to make any sense, 
would seem to require an increased output to increased stretch, i.e. recruitment. 

Whichever way the organism chooses to act, it simply makes use of a system 
_ that goes off automatically as soon as the spindles are activated, and no sooner 
does the electroencephalogram or the experimental animal show signs of 
arousal than the spindles actually are activated (von Euler & Séderberg, 1956, 
1957). Thus reflex standing becomes possible on the basis of tension being 
proportional to extension. The automatism of the loop places it at the mercy 
of the y system. If the latter is over-excited, or somehow released, _ 
will follow. | 


SUMMARY 


1. Isometric stretch reflexes have been elicited in the soleus of decerebrate 
cats in order to study the relation between extension of the muscle, average 
input frequency of muscle spindles, the output of the small tonic « moto- 
neurones, and active (reflex) tension. 

2. In confirmation of Denny-Brown (1929) the discharge frequency of 
individual motoneurones was found to be steady and relatively independent 
of extension, _ 

3. Within a considerable range average frequency of discharge of the nuclear 
bag spindle afferents.was found to be directly proportional to extension. The 
aid constant was 3-5 impulses/mm. 

4. Similarly, reflex tension was found to be proportional to extension. The 
constant (=myotatic loop gain) varied a great state 
of rigidity from animal to animal (20-100 g/mm). 
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5. After interruption of all connexions with the spinal cord a constant 
tetanic stimulus to the muscle nerve also produces tension in proportion to 
extension over the range of extensions used in the analysis of the stretch reflex. 

6. It is concluded that constant loop gain in stretch reflexes may be due to 
the way soleus responds to a constant reflex output and not only to recruit- 
ment. Evidence for this view is presented. 

7. Alternatively, when there is recruitment of fresh motoneurones in response 
to increased extension, the reflex also exhibits constant loop gain. This is 
ascribed to the linear increase of average input frequency with extension, 
which is assumed to mobilize fresh motoneurones linearly. 

8. Large oscillatory variations of muscle tension are seen with good stretch 
reflexes, the reason being that the small tonic motoneurones discharge at slow 
rates considerably below what is required for fusion of tetani. The mechanisms 
checking an increase in output frequency are discussed. | 

9. Quickly repeated tendon taps given to gastrocnemius raise maintained 
postural tone in soleus, but hardly any maintained tone in the phasic gastro- 
cnemius itself. A steady pull on gastrocnemius influences soleus to a consider- 
ably less extent. 


The author is indebted to the Swedish Medical Research Council for support of this work. 
Dr Lawrence Stark (Yale University) took part in some of the initial experiments. For a valuable 
discussion of the results the author wishes to thank Dr P. B.C, Se eee Labora- 
tory, University of Oxford). 
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EXCITATION AT NEUROMUSCULAR JUNCTIONS 
IN CRUSTACEA 
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It is now firmly established that contraction of the muscle fibres in the 
locomotory muscles of the decapod Crustacea is brought about by motor 
nerve activity in ways which differ greatly from the uniform, all-or-nothing 
mechanism which operates in ordinary skeletal muscle (cf. Wiersma, 1941a; 
Katz, 1949). Histologically there are also great differences. A crustacean 
muscle is innervated by only a very small number of motor fibres. The innerva- 
tion pattern has been described in detail for the seven distal muscles of the 
legs and claws of many species (e.g. Wiersma & Ripley, 1952). Although there 
are variations in the inhibitory nerve supply, the pattern of the excitatory 
supply is almost universal. As presented in Fig. 1 it covers that of ali muscles 
used in the present investigations. 

The opener and stretcher muscles receive only a single excitor axon which 
they share in common. By repeated dichotomy this axon comes to supply 
every muscle fibre at many locations (multiterminal innervation). The closer, 
bender and extensor muscles receive two separate excitor axons. Hach of 
these also branches by repeated dichotomy to supply some, or all of the muscle 
fibres. Many muscle fibres thus receive branches of both (polyneuronal innerva- 
tion). The main flexor muscle receives four motor axons which all travel and 
branch together; that i : if one branches all four branch. In studies made on 
this muscle in the rock intracellular capillary micro-electrodes, 
electrical responses were observed in some muscle fibres in response to all 
four motor axons (Furshpan, 1955). Details of these experiments will be 
presented later in this paper, but one point will be stressed since it illustrates 
a special precaution which must be taken in studying crustacean muscle. 
It was found that individual muscle fibres could be divided into four classes, 
receiving one, two, three, or four of the motor axons, respectively. Thus it 
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cannot be assumed that all muscle fibres are similarly innervated in a muscle 
in which more than one motor axon is present. 

Differences of this kind (and there are many others) together with the know- 
ledge we already have about diversity in crustacean muscle responses—an 
example being the difference in behaviour of the closer muscles of the crusher, 
cutter and small claws of the lobster (Wiersma, 1955)—make it quite certain 
that the orthodox physiological way wd studying a phenomenon, namely, by | 


Dactylopodite 


Propodite 


Carpopodite 


Meropodite 


\ 
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Ischiopodite 

Fig. 1. Scheme of the motor nerve fibres innervating the seven muscles in the thoracic legs of — 
the decapod Crustacea (Reptantia). On the left, a semi-schematic drawing of the muscles as 
they are situated in the podites. On the right, rectangles represent these muscles as follows: 
O, opener, abductor of dactylopodite; C, closer, adductor of dactylopodite; 8, stretcher, 
extensor of propodite; B, bender, flexor of propodite; F, main flexor (of carpopodite); 
A, accessory flexor (of carpopodite); HZ, extensor (of carpopodite); each line represents a 
single motor axon. 


taking a@ single ‘representative’ preparation and studying it in detail, cannot 
justifiably be utilized in this instance. Instead, it is necessary to proceed by 
the comparative method, i.e. to study several different preparations and then 
to assess the features which they have in common, and to account as far as 
is possible for the differences in terms of minor changes in the underlying 
mechanisms. 

In the case of doubly-motor-innervated crustacean muscles the mechanical 
_ responses elicited by the two motor axons have several distinguishing features, 
usually the most obvious being the speed of contraction. One is faster than 
the other at the same frequency of stimulation. Hence, an axon is referred to 
as either ‘fast’ or ‘slow’ according to the nature of the contraction which it 
_ evokes. The axon exciting the fast contraction i as in general, thicker than the 

other. 
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_ There is a great difference in the nature of the nerve terminals, compared 
with vertebrate muscle. As stated, the surface of each muscle fibre is ap- 
proached at several places by nerve fibre branches which continue to branch 
on the surface of the muscle fibre proper until they are too fine to be resolved 
with the aid of the light microscope, at least in the crayfish. Indeed it may be 
that they became lost in grooves in the surface of the fibre (van Harreveld, 
1939). In certain other Crustacea, although multiterminal innervation is like- 
wise present, the endings may be more confined to specific areas (D’ Ancona, 
1925). Electron microscope studies are urgently required to answer questions 
regarding the details of the terminations in different species. 

- In association with the polyneuronal, multiterminal pattern of innervation, 
the transmission processes also differ considerably from those occurring in 
vertebrates. A general scheme, based upon the findings with external recording 
electrodes, was drawn up by Katz (1949). In this scheme the slow axons were 
regarded as exciting slow contractions in individual muscle fibres by causing 
small electrical potential changes in them. These potentials grow in magni- 
tude with time during repetitive stimulation at a fixed frequency, and also 
with increased frequency of stimulation. The fast axons excite quick contrac- 
tions by causing larger potential changes, which may initiate spikes, especially 
at higher frequencies of excitation. It was thought that the contractions were 
occurring only in the regions of the muscle fibre immediately beneath the 
nerve terminals, except in the case of spiking fibres. The spikes would originate 
at specific terminals and propagate outwards from these. 

__ Sinee the publication of that review the technique of intracellular recording 
has been applied to the problem by Fatt & Katz (1953a, 6, c). They found 
that repetitive stimulation of the slow axon resulted in the appearance of 
small electrical changes, which they referred to as end-plate potentials. These 
did not differ in magnitude by more than a factor of 1-4 when measured at 
several points along the length and width of muscle fibres of Carcinus maenas — 
(Fatt & Katz, 19536). The finding of evenly distributed potential changes led 
to the replacement of the previous idea, that slow contractions are due to focal 
patches extending gradually during repetitive stimulation, by the notion that 
a partial contraction occurs evenly along the whole length of the muscle fibre. 
Direct electrical stimulation of the muscle membranes of both Carcinus 
and Portunus revealed that in a number of muscle fibres, but not in all, spikes 
could be initiated by adequate depolarization, and that in some fibres these 
were propagated. Propagated action potentials, however, although they can 
be evoked, have lost some of their significance, since it is now realized that 
they often originate in all parts of the muscle fibre at about the same time. 
The significance of the spike in crustacean muscle does not lie in its capacity 
for propagation, but in the fact that the large spike component initiates a 


faster, greater degree of contraction than the junctional potential alone. 
26-2 
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In preparations of Carcinus maenas in which the slow and fast axons were 
separately stimulated (Fatt & Katz, 19536) neither initiated potentials which 
were more than a very few millivolts and these did not initiate spikes. These 
authors, like Katz & Kuffler previously (1946), refer to the electrical events as 
end-plate potentials, since they were at first thought to be analogous to the 
vertebrate end-plate potential. However, for several reasons it seems pre- 
ferable to call them junctional potentials (j.p.s), an analogue of the term used 
for electrical activity in the slow muscle fibre system in the frog (Kuffler 
& Gerard, 1947) with which they have more in common. In some instances the 
rates of decay of the j.p.s evoked by the two axons in the same muscle fibre 
differed considerably. Unfortunately the mechanical activity was not re- 
corded at the same time so Fatt & Katz (19536) were not able to assign the 
responses to the particular axons. No explanation for the different rates of 
decay was offered. 

In the present paper it will be shown that the rates of decay can differ 

through different causes. We shall refer to j.p.s whose rate of decay is deter- 
_ mined solely by the passive electrical properties of the membrane as‘ pure’ j.p.s, 
but it may be that this is a theoretical case only and that the time courses of all 
j.p-8 are affected by lingering transmitter substance and secondary responses. 

The several problems outlined above have been examined in the present 
study. To our regret certain preparations which would have been of special 
importance for this study, as they are known to have outstanding properties 
(Homarus closer muscles, opener of Hupagurus), were not available. We 
have utilized simultaneously the techniques of isolation and stimulation 
of single axons, intracellular electrode recording from single muscle fibres, 
and mechanical recording with an electromechanical transducer. 


METHODS 
The animals studied were the following: : 
Cambarus clarkii Girard (Astacura, crayfish) ; 

Panulirus interruptus Randall (Palinura, rock lobster) ; 

Cancer antennarius Stimpson (Brachyura, rock crab); 

Cancer anthonyi Rathburn (Brachyura, edible crab); 

 Epialtis nutallii Randall (Brachyura, kelp crab); 

Randallia ornata Randall (Brachyura-Ozystomata, purple crab) ; 
Blepharipoda occidentalis (Anomura, spiny sand crab). 


All except the crayfish, which were supplied by a dealer, were obtained from the Kerckhoff Marine 
Laboratory and kept in cold, filtered sea water. The crayfish were kept in running Le water. The 
preparations used can be seen hy referring to Table 1. 

In each preparation examined the motor axons were stimulated separately, usually following 
complete isolation by micro-dissection. They were identified by their mechanical effect. In a few 
instances it was not necessary to go further than splitting the main nerve trunk into tiny bundles 
of fibres, the relevant axons being contained in different parts of the nerve trunk and therefore 
appearing in separate bundles. The patterns of grouping of axons within the trunks and the methods 
for isolation have been worked out for several species, which cover those used in the present 
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investigations (Wiersma, 19416; Wiersma & Ellis, 1942). As observed previously, the innervation 
did not always conform to the standard pattern. Divergence was encountered mostly in legs which 
showed evidence of being regenerates. 

Each muscle studied was partially exposed in the way most convenient in view of its anatomical 
relations. This usually meant cutting away the shell on the side opposite to the muscle, and 
removing the antagonistic muscle, blood vessels, connective tissue and nerve trunks covering the 
inner surface. In some closers the muscles are attached mainly to the two lateral walls of the 
enclosing podite. Hence they can be exposed without damage by cutting a strip away from the 
outside. In most instances where this method is possible we have examined the muscle from both 
its inner and outer surfaces. 

The single nerve fibres were prepared under a binocular dissecting microscope, the leg or claw 
usually being clamped at the carpopodite. Next, the muscle was exposed. At this stage it was 
necessary to soak some of the preparations in cold perfusion fluid for about an hour before they 
functioned. The block was attributed to a compression of the nerve in a joint. The preparation was 
transferred (usually immediately) to a prepared dish. A lucite (Perspex) holder of special design 
was used for the crayfish claw. Other preparations were pegged on to suitably sculptured wax 
blocks with wire staples. 

The podite distal to the one containing the muscle being studied was left free to move and was 
attached by thread to an electromechanical transducer in the form of a fluid potentiometer, with 
the aid of which the tension was recorded on one of the beams of the oscilloscope. 

The preparation was covered with perfusion fluid to the extent that both the nerve fibres and 
the whole of the exposed muscle surface were completely covered, but near the surface. Unless the 
muscle surface was so covered, the results were influenced by the fields produced by neighbouring 
muscle fibres. For the crayfish, van Harreveld’s (1936) crayfish solution was used, containing 
(g/l.): NaCl 12, KCl 0-4, CaCl, 1-5, MgCl, 0-5, NaHCO, 0-2. For the rock lobster and most other 
preparations the following perfusion fluid was used (g/l.) : NaCl 30-5, KCl 0-9, CaCl, 2-3, MgCl, .6H,O 
1-0, NaHCO, 0°8. The different crab preparations were sometimes bathed in filtered sea water. 

The nerve fibres were stimulated with transformer-differentiated pulses derived from square- 
wave electronic pulse generators, delivered through two pairs of micromanipulated platinum 
wire electrodes. Two axons could be stimulated at the same time or with variable separation so 
that the two electrical responses could be observed on a single oscillograph trace. Recording was 
done with micromanipulated intracellular glass capillary micro-electrodes filled with 3m-KCl. 
The electrodes were pulled by a spring-operated machine which gave fairly uniform tips with 
a resistance of 10-20 MQ. Two amplification channels were used, a direct-coupled one having 
a maximum gain of about 3 mV/cm deflexion on a DuMont double-beam oscilloscope, and a very 
high-gain, capacity-coupled one which was ordinarily used at about 10x the direct-coupled 
amplification. 

The electrodes were inserted into clear-looking muscle fibres of the surface layer, usually 
approximately in the middle of their length. Whenever possible the electrode was subsequently 
pushed through the surface fibres to record also the activity of lower-level fibres, and in some cases 
up to five layers deep have been penetrated. Electrodes were frequently renewed. 

Equal emphasis has not been given to each preparation. Thus we have repeated the observations 
on certain preparations, notably the opener of Cambarus and the closers of Panulirus and Cancer’ 
antennarius as many as twenty times. Others, such as the opener of Fpialtis, have only been 
examined two or three times. 


RESULTS 
Muscles innervated by a single motor axon: Rae eno 
There is a functional similarity between opener and stretcher muscles and 
both are much smaller and weaker muscles than their antagonists. Although 
they have a common excitor axon they have separate inhibitor axons, so 
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presumably they can be used independently of each other by appropriate 
inhibition. No attempt has been made in previous studies to define these 
axons as either fast or slow, since they have to different extents properties of 
both (Wiersma & Adams, 1950). It seems safest to consider them apart from 
polyneuronally motor-innervated muscles in which, in any case, there is a 
great variety of mechanisms, as will be shown. 

Opener of the crayfish, Cambarus clarkii. The mean resting potential was 
62 mV. The minimum frequency of excitation at which contraction starts is 
about 12/sec. At this frequency the electrical responses are minute, of the 
order of 0-5 mV (0-2-1-0). As the frequency of excitation is raised the electrical 

responses and also the speed and strength of contraction increase con- 
_ siderably. During continued stimulation at 30/sec j.p.s of from 1 to 4mV 
were obtained in all the fibres. They take about 5 sec to grow to their full 
height and decline only after several minutes of continued stimulation. The 
decay of the j.p.s to half the magnitude of the rising phase takes 15 msec 
in a 2 mV response: this is approximately the same in all fibres. At this fre- 
quency of stimulation all responses closely approximate to ‘pure’ j.p.s. Each 
individual excursion does not, however, return completely to the base line 
before the next one starts so there is a small amount of summation. This 
results in an upward shift of the base line, i.e. a maintained depolarization of 
small magnitude associated with the repetitive excitation (see Discussion). 


The magnitude of the maintained depolarization increases with increasing 


_ frequency up to about 140/sec, where the curve flattens. 

At frequencies of 60/sec and above, a very small proportion of the muscle 
fibres show responses which deviate from the shape of the j.p. The deviations 
appear particularly as increases in the rate of repolarization following the 
peak of the rising phase. They are the result of small graded responses taking 
off from this peak, or after a small delay following the peak. Their magnitude 
cannot be determined accurately, but they are of the order of 3-4 mV. One 


or two fibres showed larger, more pronounced spike-like responses up to 20 mV 


in magnitude, All are, however, graded, probably local, events. _ 

The size and shape of the j.p.s along the length of the fibres have not been 
examined critically, but only qualitatively. There did not seem to be appre- 
ciable variations, thereby reflecting the distributed nature of the nerve 
endings. 

Opener and stretcher muscles of other species. The mean resting membrane 
potentials varied only slightly from preparation to preparation (see Table 1). 
In other respects there were also no significant differences. The j.p.s were small 
in most muscle fibres of all these muscles, even at high frequencies of stimula- 
tion. Spikes were only once observed, in one muscle fibre of the opener of 
Cancer antennarius during stimulation at 100/sec. Thus in general these 
muscles showed even less variation between muscle fibres than was found in 
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the opener of Cambarus. Maintained depolarizations were usually but not 
always present, and reached a maximum of 12 mV in the a muscle fibres 
of the rock lobster. 


TaBLE 1. Average resting potentials of muscle fibres pavichangetalia heats 
Species Opener Closer Stretcher Bender Extensor 


Panulirus interruptus 58 70 55 65 68 
| (50-66) (58-78) (40-60) (45-85) (53-75) 
Cancer antennarius 61 50 
(58-65) (40-64) (50-60) 
(45-70) (50-68) 
Cambarus clar kit 62 —* 
(50-76) 
Pachygrapsus crassipes 56 — 
(45-75) 
(56-70) 
(50-66) 
Epialtis nutallii — 72 
(60-80) 


° A small number of tests have also been carried out on these preparations, 


| Muscles innervated by two motor axons 
In contrast to the muscles with single motor innervation, considerable 


will be distinguished, though there are also intermediates between them. 
Muscles were found in which, though each muscle fibre responded to both 
axons, the responses of individual fibres differed considerably all over the 
muscle. They will be referred to as Group I muscles. In some fibres of these 
muscles the fast response is the larger, but in others it is the slow. In another 
type (Group IT) the muscle is divided into two parts, in one of which responses 
like those in Group III were obtained. In the other part, muscle fibres were 
found which responded to only one of the two motor axons, either slow or fast. 
In a third group (Group ITI) all the muscle fibres responded to both axons, the 
responses to the slow axon being uniform but those of the fast showing con- 
siderable differences between fibres, The fourth group (Group IV) was charac- 
terized by all the fibres throughout the muscle responding in approximately 
similar fashion, with the two responses, slow and fast, differing plainly from 
each other. It should be noted that different muscles from one leg of one 
species can belong to different groups. 

Group I. The muscle studied more than any other was the ‘closer’ of Panu- 
lirus. The mean resting potential of its fibres was found to have quite different 
values in different animals, but did not vary greatly in the muscle fibres of 
any one closer muscle from the same animal. There was no correlation between — 
the vigour of an animal and the mean resting potential of its muscle fibres. 
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It is possible that the resting value depends on the stage of the moulting cycle, 
as it is known that the composition of the blood varies in association with this 
cycle (Robertson, 1957). 

Some legs had more connective tissue than others and the muscle fibres 
were then more difficult to penetrate. The amount of the connective tissue was 
greatest in legs which were suspected or known to be regenerated. 

The mean resting potential for the better preparations was 70 mV (58-78). 
Measurements made at several positions along the length of a muscle fibre 
showed in some fibres complete uniformity (i.e. not more than 2 mV varia- 
tion) but in others considerable variations were encountered. There was a 
falling off at the shell end in some instances. In others there were differences 
of 10-15 mV between regions 3 mm apart. The same electrode was used to 
make all the measurements in one fibre. It seemed unlikely that local damage 
was responsible in all these cases, and it may be that in some crustacean 
muscle fibres the ‘resting’ potential of the membrane is not uniform along its 
length. | 
Stimulation of the slow axon elicits perceptible contractions at frequencies 
below 10/sec although these are extremely weak. The j.p.s of individual 
muscle fibres vary considerably in magnitude, even between neighbouring 
ones. At 10/sec they are everywhere very small or not noticeable. At 30/sec 
they may be as large as 10 mV in some fibres and still unrecordable in others. 
The higher the frequency, the sooner the maximum height for each fibre 
is reached, but even at maximum rate of stimulation it requires about 1 sec 


to develop full magnitude. In a very small proportioa of the fibres small; 


graded, local spike-like responses appeared at frequencies of 40/sec and higher. 


As in opener muscle fibres, there is a maintained depolarization which is 


more pronounced in some fibres than in others (Fig. 2). 


The fast axon evokes appreciable contractions only when stimulated at — 


about the same frequency as the slow, or even slightly higher, but the resulting 
contractions are quicker and somewhat more powerful. At the higher fre- 
quencies the contraction is very much quicker but not much more powerful 
than the slow. The fast electrical responses vary to about the same extent 
as the slow ones between muscle fibres. But what is particularly surprising 
is that the relation between the two electric responses in single muscle fibres 
is completely unpredictable. Some fibres show almost no electrical response 


to slow axon impulses but a large one to fast impulses; in others the relation is — 


reversed. Many have slow and fast responses which after full facilitation are 
_ approximately equal in size (Fig. 2). But whereas the slow junctional poten- 
tials (s.j.p.s) are diminutive at the start of a train, the fast junction potentials 
(f.j.p.s) are appreciable from the first impulse. For though there is some 
growth (facilitation) of the f.j.p.s this is much less pronounced than that of the 
8.).p.8 (Fig. 3). When after facilitation the two j.p.s are of similar magnitude 
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in one muscle fibre, the average times for half decay of the j.p.s can easily be 
compared: for a fibre having j.p.s of 5 mV these were 14 and 15 msec for 
f.j.p. and 8,j.p. respectively. 

Like the slow, the fast axon also produces a maintained depolarization. 
This can be very large at high frequencies, but at low frequencies it may be 
less than that due to the slow response, even when the amplitudes of the two 
j.p.s are equal (Fig. 4). 


Slow Fast ; 

Fig. 2. Electrical response occurring in nine muscle fibres (i-ix) of the closer of Panulirus 
during stimulation at 45/sec (several traces superimposed). The responses are in pairs, those 
on the left being recorded during stimulation of the ‘slow’ nerve fibre. The straight-line, 
lower trace in each represents the resting level of potential, so the separation of the traces 
gives the maintained depolarization. Note that the slow nerve fibre in iii gives rise to abor- 
tive spikes after very considerable over-all depolarization. The ‘fast’ fibre gave rise toa large | 
spike at what appeared to be a much lower level of depolarization. 


Several of the muscle fibres showed spike-like responses when the frequencies 
of fast axon stimulation exceeded 50/sec (Fig. 5). These were almost all rather 
small, and grew in magnitude with the frequency. We did, however, observe 
an occasional large, all-or-nothing spike. In one muscle fibre we found that 
although the slow axon evoked a larger local depolarization than the fast, 
at 65/sec, it gave rise only to an abortive spike in contrast to the much larger 
spike of the fast. 

When a small spike occurs it is followed by a more rapid initial decay of the 
potential, but this usually slows down as it nears the pont: which would have 
been reached by the ‘decaying j-p. alone (Fig. 5). 
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Be 


1 sec 
3. A comparison of the facilitation and summation of ‘slow’- and ‘ fast’-fibre responses re- 
corded from a muscle fibre of the closer of Panulirus. The fibre was chosen because both the 
slow and the fast responses were equal in height after full facilitation; the fibre was otherwise 
atypical in that the fast gave a greater degree of maintained depolarization than the slow. 


_ The upper trace records the tension as downward deflexion. Note that the fast response is 


Fig. 


large at the start whilst the slow is very small. 


20 


18 


4. The relationship between the height of the junctional potentials and the maintained 
depolarization (measured to lowest point on trace) at different frequencies of excitation. O, 
A, fast-fibre; @, A, slow-fibre responses; the circles give the final j.p. magnitudes for each 
and the triangles the corresponding maintained depolarizations, measured to the lowest 
point. Each point is the average of readings from 16 muscle fibres of the closer of Panulirus. 
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Other muscles acting similarly to those of the ‘closer’ of Panulirus are the 
bender of Panulirus and the ‘closer’ and bender muscles of the Cancer crabs 
(Figs. 6 and 7), In these latter muscles the fast system differs even less from 
the slow than in Panulirus, because the facilitation of the f.j.p.s is much more 
pronounced. As a consequence it is often impossible to tell from the j.p.s 
alone whether the fast or the slow axon is being stimulated. Corresponding to 
the slower development of the fast contractions in these crabs, the’j.p.s were 
rarely larger than 10 mV, even at 100/sec, and spikes were only encountered 
in one or two fibres even at this frequency. As in the rock lobster the time for 


10 msec 


_ Fig. 5. Fast-fibre responses from muscle fibres of the closer (a—d) and bender (e, f) of Panulirus. 
Z a and b are responses to single shock showing: a, pure j.p.; 5, the same plus. a small spike. 
c and d show responses to pairs of shocks; in c there is a very small spike in response to the 
first shock and a large one to the second, but the later part of the decay is the same as that for 
pure j.p.; ind there is no spike, but in one sweep there was a delayed secondary response. 
e and f show responses to repetitive paired stimulation. Note the various small, graded 


spike-like responses and occasional large spike responses. In all figures the lower trace 
represents the resting level of membrane potential. 


_ half decay of the j.p.s was similar for both systems in the crabs. In this respect 
these closer muscles differ from the bender muscle of Panulirus, in which the 
rates of decay of the j.p.s vary from fibre to fibre and also in the same fibre 
for f.j.p.s and s.j.p.s of similar magnitude (Fig. 8). The former fact can per- 
_ haps be ascribed to different physical characteristics of the membranes, but 
_ the latter cannot easily be resolved (see below). When this phenomenon is 
found, it is the s. | .p. which has the slower decay rate. The magnitudes of the 
s.j.p.8 and f.j.p.s in different fibres vary less in the bender than in the * closer’ 


but in some fibres the f.j.p. is smaller than the s.j.p. 


The bender muscles of the two Cancer species are not completely representa 
_ tive of Group I and show similarity with the muscles of Group IV. The slow 
and fast j.p.s are invariably small; however, there is still a small amount 
__ of overlap in their respective sizes in different muscle fibres. 

_ Group II. This group is here represented by only a part of a single muscle, 
_ the proximal portion of the ‘closer’ of Pachygrapsus, but similar responses are 
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Fig. 6 Fig. 7 : 
Fig. 6. Slow- and fast-fibre responses of the closer of Cancer antennarius recorded from the same 
nine muscle fibres of one preparation; note the overlap in magnitudes, The lower trace in each 


record utilized the direct-coupled amplifier; the upper ones show the same potentials at a 
higher gain (10x) but capacity-coupled. The vertical scale refers to the direct-coupled — 


responses. | 
Fig. 7. Slow and fast responses recorded from the same five muscle fibres of the bender of Panu- 
lirus. Note that the rate of decay of the fast (right) responses is faster than that of the slow 


Slow 


mv 


10 msec 


Fig. 8. Fast (a) and slow (6) responses recorded from the same muscle fibre of the bender 
of Panulirus to show an extreme difference in the decay time of the responses. 
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known to occur in the muscles of related species (e.g. Furshpan & Wiersma, 
1954), though it is not known whether they are exclusively of Group II 
or also include parts conforming to other groups. These forms are quick- 
moving animals. The responses to stimulation of the motor axons are consider- 
ably different from those of the other closer muscles studied. A single shock 
applied to the fast axon causes a small twitch contraction. A close pair of 
shocks produces much larger twitches. A brief train of excitation at fre- 
quencies of 20/sec and above give rise to a smooth tetanus. The fast axon 
response is, however, extremely quick to show fatigue. After only a dozen or 
so closely spaced stimuli have been applied, the next shock (following relaxa- 
tion) may fail to evoke a twitch. 

The slow axon elicits only a small mechanical effect even when stimulated 


at the highest frequency at which it will respond. Thus the mechanical responses 


of the slow and fast systems of the Pachygrapsus ‘closer’ muscles differ much 
more from each other than those in the rock lobster and Cancer crabs. In 
Pachygrapsus the slow system is probably only utilized for tonic contractions, 
the fast being used in the rapid walking movements. . 

The resting potentials were again rather variable, values from 45 to 75 mV 
(mean 56 mV) being found. The electrical responses recorded during stimula- 
tion of the slow axon were quite remarkable. In a large proportion of the — 
muscle fibres there was either no recordable response, or more usually 
responses of less than 1 mV, and even these were only evident at frequencies 
of stimulation above 30/sec. But in a few fibres which were encountered in 
the proximal part of the propodite there were potentials of 6-10 mV even on 


a single ‘slow’ impulse. During repetitive stimulation these grew about 


24 times larger. But however large, they did not evoke any kind of spike 
response. When stimuli were delivered to the slow axon in close pairs, the two 


responses summed but without showing even an abortive local spike (Fig. 9). 


Another remarkable feature of these large slow responses is their slow rate 
of decay. The time for half decay, from the peak of the rising ain was 
25 msec for a 7 mV response. 

Stimulation of the fast axon gave equally surprising results. Most of the 
muscle fibres showed responses between 0-1 and 3-0 mV when the nerve was 
stimulated at frequencies of 30/sec and above. But a few fibres gave very large 


_ responses to a single nerve impulse. These varied from about 10 to over 70 mV. 


Fibres giving these large responses are all located in the proximal part of the 
muscle (cf. Furshpan & Wiersma, 1954). They are thus intermingled with the 
fibres which gave large slow responses. But if a fibre in this region gives a 
large, fast response it gives at most a minute slow one, and the converse is 
also true. Here then, in the proximal part of the Pachygrapsus ‘closer’ muscles 


there is a clear functional separation of the muscle fibres. Three categories 


are encountered: (1) fast muscle fibres responding only to the fast axon and 
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giving very large, brief, electrical responses, (2) slow muscle fibres responding 
only to the slow axon and giving very large, relatively prolonged, junctional 
potentials, and (3) ‘general’ muscle fibres innervated by both fast and slow 
axons, but giving only small electrical responses to slow axon stimulation and 
varying responses to the fast axon, each with a similar time course. The 
last make up the whole distal part of the muscle; they are comparable to 
muscle fibres encountered in Group III muscles. The portion of the muscle 
containing the specialized fibres (1 and 2) is regarded as the characteristic 
type of the muscle and hence given the separate classification, Group II. 


Tension 


10 msec 


Fig. 9. Slow- and fast-fibre responses from the ‘closer’ of Pachygrapsus. These are responses 
from the specialized fast (a-d, i) and the specialized slow (e—h) muscle fibres. The larger fast- 
fibre responses give rise to spikes. In d the upper line records on the left the zero potential 
and later the tension. There is a small overshoot of the spike potential. Even the small fast 

_ j.p. in a has a very quick rate of decay (half-time 2-5 msec). A slow response of similar height 
decays to half in 15-20 times this period. The paired responses to the slow fibre (g and h) 
showed complete summation and absence of refractoriness, but there is no trace of a spike 
response being initiated. Paired small fast responses (i) do give rise to a tiny spike response. 


d 


The largest responses of fast muscle fibres (70 mV) are compound potentials _ 
which may overshoot the zero. They may show pronounced refractoriness _ 

of the spikes (Fig. 10). In the absence of a spike there is an initial j.p. which — 
reaches a height of from 25 to 50 mV (in different fibres). The spike potential 
normally takes off from the rising phase of the j.p. without any obvious change 
in the rate of rise. Sometimes, however, there is a brief delay so that a notch, 
which is also apparent after fatigue, is present. Responses of smaller size in 
fast muscle fibres do not overshoot or even reach the zero level. In these 
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fibres spiking is seldom an all-or-nothing event and is sometimes of quite 
small magnitude, This is obvious in fibres which have a pure j.p. of, for example, 
10 mV on a single fast impulse. If close pairs of shocks are applied (e.g. 
Fig. 12) the second potential sums with the first and may lead to a small 
_ abortive spike of a few mV, when the shocks are still rather far apart. As 

_ the shock interval is reduced, the second j.p. sums more effectively and the 
spikes become larger. The rate of decay of even the smallest f.j.p. response is 
always quick. The time for half decay was 2 msec for a 10 mV potential, 
which is less than in any other crustacean muscle yet investigated. Para- 
doxically, the rate of decay of the large s.j.p.s in — fibres was equal 
to the slowest yet encountered. 


10 msec 
Fig. 10. Refractoriness of large spike responses in muscle fibre of ‘closer’ of Pachygrapsus; double 
shock stimulation with decreasing intervals; upper beam, mechanogram. 


Group III. The closer of Cambarus is the only muscle representative of this 
group which has been studied by us, though certain muscles allotted to 
Groups I and IV resemble it and a large part of the Group II muscle shows the 
same properties. Stimulation of the slow axon evokes a contraction at very 
low frequencies. The s.j.p.s at 10/sec are, however, barely perceptible. At 
30/sec they consist still of very small j.p.s (less than 3 mV). They are rather 
uniform in all fibres. 

Stimulation of the fast axon with a single shock leads to a strong twitch 
contraction. ‘In this respect it surpasses the fast system of the ‘closer’ 
_ of Pachygrapsus. When the twitch response to a single impulse shows fatigue, 
a close pair of shocks still evokes a very large twitch (Wiersma, 1933). In 
_ preparations which gave quite strong twitches to single impulses many 
muscle fibres showed only j.p.s ranging from very small size up to 20 mV. 
Even the largest did not usually give rise to spikes; only occasionally did we 
find a fibre in which a spike was present. The spikes were always abortive and 
seldom exceeded 3 mV. Such fibres were, like the ‘fast’ muscle fibres of 
Pachygrapsus, located in the proximal part of the muscle, and we regard it 
as possible that a few deeper fibres were giving larger spikes to single fast 
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impulses. When the second of a pair of shocks is sufficiently close to the first, 
a 20-30 mV spike may be initiated. The extent to which the f.j.p.s grow during 


repetitive stimulation depends on their magnitude. Small j.p.s grow consider- 


ably, large ones hardly at all. 

Group IV. The muscle chosen as the example for this group is the extensor 
muscle of Panulirus. Its inner surface can be exposed. over its total length 
without much difficulty, hence a fairly complete sampling of muscle fibres 
in all locations can be made. The motor axons were prepared in the ischiopodite, 
which only in the rock lobster is large enough to permit this procedure. 

The slow system produces rather weak contractions even at the higher 
frequencies of stimulation. The 8.j.p.s were rather uniform and very small; 
even at a frequency of 100/sec the maximal height was only 2mV. At low 
frequencies of slow axon stimulation no mechanical responses were evident. 
By contrast the fast axon evoked a steady, strong contraction at a frequency 
of 10/sec. At this frequency the f.j.p.s are small in all muscle fibres, of the 
order of 1-3 mV. ‘As the frequency is increased the f.j.p.s grow markedly in 
size until at around 50/sec many of them are of the order of 15 mV. Spikes 
were not found even at the highest frequencies. The rates of decay of both 


slow and fast j.p.s are similar. Thus throughout this muscle the fibres react 


similarly, in sharp contrast to those in the ‘closer’ muscle of the same 
species. 

Other muscles belonging to Group IV were the closers of Eyialtis, Blophar 
poda and Randallia. In all three the j.p.s were small, the f.j.p.s after facilitation 


not exceeding 5 mV. Nevertheless, small twitches were found in Blepharipoda — 


even on single impulses. They are of regular occurrence when two closely 
paired stimuli are given to the fast axon both in Blepharipoda and in Randallia. 
_ The closer of Randallia was especially noteworthy for the uniformity of 
response obtained in all muscle fibres on either slow or fast axon stimulation. 
Further results on this muscle will be reported later (Hoyle & Wiersma, 
1958). In Epialtis a specially interesting feature concerned the decay times of 
the j.p.s, that of the slow being always noticeably longer than that of the fast 
in the same muscle fibre (Fig. 11). This constitutes definite evidence that the 
return to the resting level can be slower than would be expected on the basis 
of the purely passive electrotonic decay, which is probably present in the fast 


system. 
Muscle with four motor axons 

The main flexor muscle of Panulirus, the only representative of this group 
ever investigated, was studied earlier as part of the thesis programme of 
K. J. Furshpan (1955) under the supervision of one of us (C.A.G. W.). With 
Dr Furshpan’s permission the results will be shortly reported here as the 
thesis has not been printed and is of considerable interest in the framework 
of this paper. 
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- One of the four motor axons can definitely be classified as a ‘fast’ axon. 
The others cannot be given any definite designation, although one of them 
evokes distinctly faster contractions than the other two and could therefore 
be regarded as a second fast axon (see van Harreveld & Wiersma, 1939). 
The following observations were made with intracellular recording. Electrical 
potential changes were not encountered in every muscle fibre during stimula- 
tion of each of the four axons separately, but every fibre tested responded at 
least to one motor axon. In a survey of 421 fibres from a number of muscles it 
was found that 38% gave responses to only one axon, 26% responded to two, 


imv 


10 msec 


Fig. 11. Slow and fast responses from a muscle fibre of Zpialtis closer. In the upper trace the slow 
impulse arrives first, in the lower trace the fast. Note the faster rise and decay of the fast 
response, though in this fibre the magnitudes are almost equal. 


29% to three, while only 7% responded clearly to all four. It became evident 
during the study that the distribution of the responding fibres is not a random 


one. Fibres showing responses to particular combinations of axons tend to be 
grouped together in a definite part of the muscle. 


Of the fibres which responded to only one axon, 90% responded to the fast 
axon (axon I) mentioned above. This same axon also evoked responses from 
many of the muscle fibres with polyneuronal motor innervation. It may there- 
fore innervate more muscle fibres than any of the other three axons. 

The electrical responses on fast axon stimulation consisted of j.p.s of various 


_ Magnitudes. Some of them were as large as 20 mV when excited with single 


— They did not show a great deal of facilitation during repetitive 
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stimulation. When stimulated with a close pair of shocks the second, summed 
j.p. often gave rise to a spike potential. In most cases the magnitude of the 
spike response depended on the interval between shocks, from 2mV at the 
wider separation to 30 mV at close separation (Fig. 12). In a very few fibres, 
however, the spike was an all-or-nothing event of 30 mV amplitude. 

The other three axons evoked potentials which were, on the whole, of very 


different size, in different fibres. Thus one axon evoked responses ranging — 


from about 0-1 to 10 mV; another produced responses from 0-1 to 6 mV and 
the third one from 0:1 to 12 mV, all at 45 stimuli/sec. All evoked j.p.s of fairly 


similar shapes. They differed somewhat, however, in their rates of growth and — 


in the times of decay of the potentials. Similar phenomena were recorded by 
van Harreveld & Wiersma (1939) with external electrodes. 


Fig. 12. Initiation of spikes by pairs of shocks applied to the fast-nerve fibre of the main flexor 
of Panulirus with decreasing intervals between the shocks. Largest sssaetttiaad 78 mV (from 
Furshpan, 1955). 


By combining the j.p.s of different axons it was possible in several instances 
to obtain spikes. A pre-requisite was that one of the fibres (often but not always 
the fast one) would by itself cause a large j.p. Then, by stimulating one of the 
other fibres at the same time, and often at a higher frequency, spikes could 
be made to appear occasionally when the timing of the impulses caused the 
responses to be synchronized. 


DISCUSSION 
The results described in this paper show that in the Crustacea there is a 
variety of neuromuscular mechanisms. The variation is much greater than 
had been realized. There are large differences between different muscles of one 
animal as well as considerable species differences. Also, whereas individual 
muscle fibres in some muscles behave in a fairly uniform manner, in others 
there are great differences even in the responses of individual fibres. Muscle 
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fibres of different response type occur sometimes grouped together i in a recog- 
nizable manner, but in other muscles are intermingled. 

- Under favourable conditions intracellular recording is possible at many loci 
on the same muscle fibre, but in the present experiments this has given no 
clue to the nature of the differences in electrical response. For any particular 
fibre the responses were approximately the same at all points examined. It 
may be that differences in the density of the innervation are a primary cause 
of non-uniform fibre behaviour. But, in addition, other more fundamental 
factors are strongly indicated as the basis of the differences between the 
various systems. 

In the chain of events leading Seca the nerve impulse to contraction a 
number of processes and sites are interposed. Quantitative or qualitative 
variations may occur at any of them. Thus there might be a number of chemical 
transmitter substances, and the different responses might reflect their variety. 
Alternatively, similar transmitters might be released at different rates from 


- different endings, and might subsequently be destroyed at different rates. 


In slow, as compared with fast, systems the sometimes considerable dif- 


ferences in the rates of rise and decline of the j.p.s, the different rates of fatigue, 


and the relative independence of their physiological states all make it seem 
unlikely that a single substance is involved. This aspect is discussed in a later 
paper (Hoyle & Wiersma, 1958), in which it is pointed out that at least two 
transmitters must be postulated, one for ‘slow’ and one for ‘fast’ nerve-fibre 
transmission. 

Some of the differences between the fibres of the same muscle may be din 
to different reactivities of the post-junctional membrane, and this must also be 
reckoned with when different muscles are compared. The most urgent need in 
the field is the elucidation of the nature of any transmitter which may be 
involved, so that its effects may be tested independently of nerve stimulation. 

Many muscle fibres have been encountered during the study of systems 


_ with slow contraction rates, such as the opener of the claw of Cambarus, the 


opener and the stretcher of Panulirus and both the fast and slow systems of 


_ Cancer, in which there was no detectable j.p. This was particularly true at 


low frequencies of excitation which only just produced a contraction. Anything 
larger than 1/10mV would have been observed. Nevertheless, many of 
these fibres showed a clearly visible depolarization under prolonged stimula- 


tion of the axons. That this was not a mechanical artifact could be shown by 


inserting the electrode during the contraction and measuring the membrane 
potential. This potential was always reduced to the same extent as when the 
electrode was in place during the onset of contraction. Some of these observa- 
tions might be accounted for by local damage, particularly to nerve terminals, 
but they raise the possibility that in some instances there is a transmitter 


action which has a very low intensity but a long duration. An ordinary j.p. 
73° 
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might have two components; one phase would be analogous to the ordinary ~» 
end-plate potential (pure junctional potential) and represent the quick release, 
and equally quick destruction, of a transmitter agent momentarily increasing 
the membrane conductance to various ions. This potential change then decays 
passively. The other component would be a smaller and slower one, due to a 
secondary reaction perhaps caused by lingering transmitter substance. Its 
effect would sum with the first (Fig. 13, iii). The frequent departure from simple 
exponential decay could be explained on this basis. Other departures fre- 


Pure potential 
(primary response) 


0 10 20 30 40 
msec 
(iii) 


Fig. 13. Drawings of observed potentials to illustrate three different types of departure of the 
response from the ‘pure’ j.p. (see p. 406), from closer of Panulirus, fast response. (i) Com- 
parison of ‘pure’ junctional potential and a j.p. giving rise to a small spike. (ii) Comparison 
of j.p giving rise to an abortive secondary response, and the time course of the latter alone, 

‘when the j.p. is subtracted. (iii) Comparison of ‘pure’ j.p. with that when secondary slow 
response obtains, pictures at a frequency of 30/sec. 
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quently encountered are also illustrated in Fig. 13 (i and ii); (i) illustrates a 
very small, abortive spike-like response, and (ii) a still smaller secondary 


_ response which did not have a ‘spiky’ appearance. It may be that all three 


are quantitatively different manifestations of the same kind of response, i.e. 
extremely abortive reactions of the type which is responsible in other tissues 
for the appearance of all-or-nothing spikes. On current views this would 
represent an increased sodium ion conductance at certain sites on the mem- 
brane, though there is some doubt whether this mechanism functions in 
crustacean muscle (Fatt & Katz, 1953a). Graded responses in various tissues 


have been discussed by Grundfest (1957). 


Slow Fast 


Fig. 14, Characteristics of slow and fast responses. (1) Facilitation in the slow system. (a) When 
the frequency is doubled suddenly by adding a second shock the responses grow to more than _ 
twice their initial magnitude. (b) The magnitude of the response to the second shock of a 
closely-spaced pair is greater than the response to the first during repetitive stimulation. 
Cancer antennarius closer. (2) Lack of facilitation in the fast system. (c) When a second shock 
is added suddenly (the right-hand response) there is no change in the magnitude of the first. 
(d) At very close spacing there is a small degree of refractoriness. (3) Fatigue. (2) Maximal 
response Of a fast system closer, C. anthonyi. (b) Response of the slow system in the same 
muscle fibre at the same rate and the same time after onset of stimulation as (a). (c), (d) and 
(e) The two responses together at, respectively, 10, 30 and 120 sec after onset of stimulation 
following rest from previous trial, Note that the fast response has become _— whilst 
the slow one has continued to grow. Time 1/100 sec. 


We are left with the problem of the significant differences between fast and 
slow transmission systems. The existence of spikes is not characteristic of fast 
systems, Large spikes are not observable in the majority of muscles in 


response to either slow or fast excitation. Local abortive spikes are, however, 
- not uncommon at high frequencies both of fast and slow stimulation. Only 
_ inrare instances are the spikes fully regenerative and all-or-nothing. Although 
 j}-p.s initiate contraction in most cases, when ‘spiking’ occurs a visible 
additional degree of quick contraction ensues in the muscle fibre and small 
_ humps appear on the total-tension record. Muscles which give spikes to single 


shocks are by many times the faster, and in these cases the spikes do serve as a 


‘ — feature. But a spike i is not essential for a twitch response to a 
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single shock in all cases, for in the closer muscles of Blepharipoda and Randallia, 
which give small twitches, no spikes have been encountered. 

In Group I muscles slow and fast systems show a distinct electrical response, 
in that the degree of facilitation of the j.p.s is small for the fast, large for the 
slow (Fig. 14, 1 and 2). In the same muscles the fast system tends to show 
fatigue much more quickly than the slow (Fig. 14, 3). But the speed of con- 
traction remains the only reliable criterion between the two systems, In 
Group II muscles the electrical differences are marked between the separ- 
ately innervated muscle fibres, and the mechanical responses of the systems 
are very different. In Group III the mechanical differences are again marked, 
but the electrical response is characteristically different only in those fibres 
which respond with large potentials to the fast axon. In Group IV the 
magnitude of the electrical response is a simple and reliable guide, whereas 
the mechanical response is not, as will be shown in a subsequent paper 
(Hoyle & Wiersma, 1958). 


SUMMARY 


1. The electrical and mechanical events associated with neuromuscular 
transmission have been studied in the leg muscles of several decapod crusta- 
ceans with the aid of intracellular recording electrodes, separate stimulation of 
the slow and fast axous, and an electromechanical transducer. 

2. Various types of response as regards size and rate of development of 
electrical potential changes were observed for both the slow and fast systems 
in different species. Also, there were considerable differences among the 
muscles of the same animal, 

3. A provisional classification of the responses was adopted, based in the 
first instance on the number of motor axons (1, 2 or 4) which supply a muscle. 
For those with two axons, four further groups were distinguished. 

Group I. Every muscle fibre responded to each axon but the size of the 
electrical response to stimulation of either slow or fast axon varied in an 


unpredictable manner between muscle fibres; in some the fast, in others the , 


slow was the larger. 

Group ITI. The muscle fibres responded to only one of the two axons, in 
about equal proportions to either slow or fast. No whole muscle has been 
found in this condition, only a part of one. 

Group ITI. The muscle fibres responded to both axons; responses to the ite 
axon were similar in different fibres, but there were differences in the responses 
to the fast axon in these same fibres. 

Group IV. All the muscle fibres throughout the muscle reacted to both 
axons and in approximately the same way, but in each fibre the electrical 
responses to the two axons, fast and slow, were quite distinct. 

4. The junction potentials showed, in general, a much more pronounced 
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and prolonged growth (facilitation) during a train of impulses in the slow axon 
than in the fast. 

5. Stimulation of both slow and fast motor axons leads to the development 
of a plateau of depolarization which is maintained throughout the stimulation. 
The height of this plateau is related to the frequency of stimulation. 

6. In spike-producing fast systems, tension develops in the usual form of 

twitch and tetanus. In non-spiking systems tension develops usually only as a 
result of repetitive stimulation, and is related to the level of the plateau of 
depolarization. 


These investigations were partially supported by grant G-34 of the National Science Foundation. 
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INHIBITION AT NEUROMUSCULAR JUNCTIONS 
CRUSTACEA 


By G. HOYLE anp C. A. G. WIERSMA 
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Pasadena, California 


(Received 24 February 1958) 


Inhibitory phenomena at neuromuscular junctions of skeletal muscle are to 
be regarded, in the present state of our knowledge, as the special prerogative 
of the Crustacea. For though in certain other invertebrates peripheral in- 
hibition may occur, in no other instance is it yet proved that such inhibition 
truly affects the junctions and is not due to the inhibition of peripherally 
located motor neurones. For the Crustacea two classes of inhibition have been 
proposed, inhibition by attenuation of the electrical events which (presumably) 
lead to contraction, and uncoupling of the process interposed between mem- 
brane potential changes and contraction of the muscle substance. The latter, 
in which the electrical potentials are not reduced, was termed simple inhibi- 
tion by Marmont & Wiersma (1938) and regarded by them as the more im- 
portant physiological mechanism. They termed the other type, in which the 
electrical activity is attenuated, ‘supplemented inhibition’, preferring to 
regard the reduction of the electrical activity as a secondary event not related 
to the primary action of the inhibitory process. Kuffler & Katz (1946) and 
Katz (1949), in reviewing the processes of neuromuscular transmission in 
Crustacea, reversed the emphasis, They termed supplemented inhibition 
«-inhibition and simple inhibition f-inhibition. 

The biophysical events associated with the attenuation of the electrical 
potentials were studied with the aid of intracellular electrodes by Fatt & 
Katz (1953). They did not study the mechanical concomitant of inhibitory 
action at the same time. They concluded that the results of their experiments 
threw considerable doubt on the interpretation of inhibitory action asa direct 
one on the contractile process. 

Biedermann (1887) had found polarization of the muscle during stimulation 
of the inhibitory nerve fibre of the crayfish. Wiersma & van Harreveld (1935), 
Serkoff (1936) and Kuffler & Katz (1946) failed to confirm these findings. 
Nor did Fatt & Katz (1953) in the above series of experiments find any con- 
sistent inhibitory potentials, although they were using internal electrodes. They 
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_ did, however, make the important observation that inhibitory nerve impulses 
_ Jead tochanges in the permeability of the muscle-fibre membrane, because when 
the membrane potential was artificially raised by passing polarizing current 
across it, the inhibitory impulse gave rise to a depolarization of the membrane. 
Conversely, when the membrane potential was lowered, the potentials were 
reversed in sign, i.e. polarizing, although possessing exactly the same time 
course. 

On the assumption that the normal resting potential is theresult of a Donnan 
equilibrium potential for the system, and that the potential is at the potassium 
and chloride equilibrium potential level, any increase in permeability to 
K+ or Cl-, which is in effect a lowering of the resistance in series with the 
e.m.f., will not change the potential appreciably. But if the potential is 
displaced either above or below the potassium and chloride equilibrium 
potential level a decrease in the series resistance will result in the appearance 
of ionic current flow tending to restore this potential. 

Fatt & Katz (1953) observed that since the inhibitory action caused such an 
- increased permeability the excitatory junctional potentials decayed more 
quickly during inhibitory action. This resulted in a diminution of the (total) 
depolarization during inhibitory action, even at timing sequences in’ which 
the junctional potentials were not individually reduced in amplitude. In 
this way it might be possible to account for simple, or B-inhibition, for under 
these conditions the mean level of membrane potential may not be reduced to 
a level at which contraction occurs, although junctional potentials are present 
which, in the absence of inhibition, would cause a contraction — 

In this suggestion of Fatt & Katz there is implicit the hypothesis that 
contraction in crustacean muscle fibres is linked to the mean membrane 
potential, starting at a threshold level and presumably increasing with 
increasing extent of depolarization. In the taenia coli of the guinea-pig it 
has been shown that tension is inversely proportional to the mean membrane 
potential (Biilbring, 1956) and in the slow skeletal system ofthe frog, also, — 
a similar relationship applies (Kuffler & Vaughan Williams, 1953). Thus it 
may be a common feature in muscle physiology. The hypothesis, for which 
_ certain findings in the preceding paper (Hoyle & Wiersma, 1958a) speak, is 
examined in the third paper (Hoyle & Wiersma, 19585). 

The aim of this second series of experiments was to study inhibitory actions 
with the aid of intracellular electrodes in a number of species, since it was 
known (e.g. Wiersma & Ellis, 1942) that large species differences are present 
concerning the types of inhibition which can be obtained. With outside leads 
many preparations fail, under any circumstances, to show supplemented 
(x) inhibition, in contrast to the preparations used by Fatt & Katz (1953). In 
addition, the events of inhibition have been studied during both slow and fast 
motor axon stimulation of doubly-motor-innervated muscles. 
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MATERIAL AND METHODS 


The preparations used to study inhibition against single excitor axons were the openers of 
Cambarus clarkii, Cancer anthonyi and Panulirus interruptus and the stretchers of Cancer anten- 
narius and Panulirus. Preparations used in the study of inhibition against both slow and fast 
excitor axons were the closers of Cancer antennarius, Cancer anthonyi and Panulirus, the benders of 
Cancer antennarius and Panulirus and the extensor of Panulirus. The opener and stretcher muscles 
of the crabs (Cancer) receive two inhibitor axons, a common inhibitor, which they share, and a 
specific inhibitor. 

Single axons were isolated in the majority of preparations and stimulated separately. In some 
preparations small bundles of axons containing only one of the desired axons could be prepared, 
though only in the crayfish could this be done consistently for all axons wanted. In other prepara- 
tions it depended upon the fortuitous grouping of axons in different bundles. A bundle is always to 
be preferred to an isolated nerve fibre since the latter is naturally very readily damaged. Other 
details were the same as those described in Hoyle & salen paedenensraden 


RESULTS 
Inhibitory potentials 

We have found, in some muscle fibres of every muscle which we examined 
closely, electrical potentials associated with stimulation of the inhibitory 
axon (or axons) alone. These are too small to be visible at very low frequencies 
of stimulation in most instances, though a very few cases have been seen of 
measurable potentials occurring in response to stimulation by a single shock, 
e.g. potentials of not less than 0-1 mV. Some muscles showed responses in 
every fibre penetrated. Ordinarily we examined inhibitory potentials whilst 
stimulating the inhibitory nerve fibre at a frequency of 30/sec. Both negative 
(hyperpolarizing) and positive (depolarizing) potentials have been observed. 

The time course of the inhibitory potentials is always slower than that of 
the excitatory junctional potentials. Individual differences in time course of 
inhibitory potentials are much less pronounced than those of excitatory ones. 
Likewise different muscles of different genera have inhibitory potentials of 
quite similar time course, although their excitatory ones may differ greatly in 


this respect. 
Opener of Cambarus 

We have studied inhibition intensively in the opener of the claw. In those 
animals examined in the autumn (October-December) most of the inhibitory 
potentials observed represented an increased negativity inside the muscle 
fibre, i.e. they polarized the membrane. This was the case in fibres of quite 
different resting membrane potentials, from 48 to 72mV. The maximum 
magnitudes of individual inhibitory potentials at 30/sec were 0-7 mV and the 
minimum just at the limit of discernibility (ca. 0-1 mV). During repetitive 
stimulation the inhibitory potentials grew rapidly to their full height. The 
_ larger ones showed very little further increase in magnitude, They summed 
to polarize the membrane by various amounts, The extent of the total 
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polarization also varied with the frequency of stimulation, reaching its maxi- 
mum at about 60/sec. The extent of this polarization was as little as 1 mV in 
some fibres, as large as 15 mV in others. The larger extents of polarization 
always occurred in fibres having an initially low resting potential, but apart 
from this there was no correlation between the magnitudes of the potentials. 
As the muscle fibre polarizes under the influence of the inhibitory stimulation, 
the individual inhibitory potentials become reduced in height. 

Later in the autumn and in the early part of the new year we began to en- 
counter fibres in which the inhibitory potentials were of the opposite sign, the 
internal lead going positive, the membrane depolarizing. There was also a 
small degree of summation in these fibres, leading to not more than 4 mV 
depolarization. In the early spring these depolarizing potentials were the 
only ones encountered and they were found in most of the muscle fibres 
penetrated. The range of resting potentials observed was very much narrower 
at this time, most fibres having potentials between 60 and 70 mV. Only in 
the early summer were polarizing potentials encountered again. Whether 
these variations represent a normally occurring seasonal event or whether 
they also depend on the condition of the laboratory-kept crayfish, which 
may well have been best during the early spring, is as yet undecided. 

The inhibitory potentials were further investigated by inserting a second 
internal micro-electrode into the same muscle fibre and passing polarizing 
or depolarizing current across the membrane whilst observing the inhibitory 
potential changes. 

Raising or lowering the membrane potential can lead to the abolition or 
reversal in sign of the potential or an increase in its magnitude (Fig. 1). 
A typical example of the relationship between membrane potential and in- 
hibitory potential in a fibre having an inhibitory potential of large size is 
shown in Fig. 2. The membrane potential at which the inhibitory e.m-f. is 
zero we will term the ‘change-over’ potential. For crayfish examined in spring 
and early summer this was remarkably constant at about 58 mV. 

Those fibres which did not show any potential change on inhibitory stimula- 
tion could sometimes be made to show one by passing polarizing current, as 
Fatt & Katz (1953) found in Carcinus maenas and Eupagurus bernhardus. 
But these fibres did not all have similar resting potentials. Also, the in- 
hibitory potentials were very small in these fibres and it was not possible to 
determine the change-over potential with any degree of accuracy. Some 
muscle fibres showed no inhibitory membrane — change even when 
polarized or depolarized by up to 60 mV. 


antennarius 


Inhibitory potentials have been observed in the opener, stretcher, closer, 
and bender musoles. These have almost all been polarizing. They were smaller 
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3 
10 msec 
Fig. 1. The inhibitory potential recorded at different levels of membrane potential; opener of 
Cambarus. The resting potential of the muscle fibre was 58 mV; the figures beside each trace 
show by how much it was altered. One trace (with small deflexions) was recorded with direct- 
coupled amplification; the other with capacity coupling at higher gain. Amplitude indicated 
by the scales at lower right. Frequency of stimulation 30/sec. 
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“0 1020 30 40 50 60 70 80 90 100 110 120 
Membrane potential (mV) 
Fig. 2. Graph of the relationship between the magnitude of the inhibitory potential and the mem- 
brane potential in a muscle fibre of the opener of Cambarus. The arrow indicates the resting 
level of membrane potential. Frequency of stimulation 30/sec. 
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than those observed in Cambarus and did not achieve polarizing plateaux in 
excess of about 5mV. Special interest is associated with the opener and 
stretcher muscles, since as in all crabs these receive two inhibitors. One of the 
two is a specific inhibitor which innervates only the one muscle. The other is 
a common inhibitor and it is this axon which also inhibits the closer and 
bender muscles, The specific inhibitor is slightly more efficient in causing 
_ mechanical inhibition than the common, i.e. a lower frequency of stimulation 
just suffices to inhibit the contraction completely (Wiersma & Ellis, 1942). 
Potential changes of the polarizing kind have been observed in response to 
stimulation of the common inhibitor but they were all very small. The majority 
of muscle fibres penetrated failed to show any potential change even when 
artificially polarized or depolarized by up to 40 mV. By contrast, the specific 
inhibitor usually showed a potential change, either normally, or during altered 
membrane potential, thereby indicating that the transmitter action was 
associated with an increased conductance of the membrane. 


Cancer anthony 


Both polarizing and depolarizing potentials were observed in this species 
(Fig. 3). These included the largest single responses observed in any of the 
muscles examined (Fig. 4). There was no facilitation when the responses were 
spaced close together, but the summation was complete. At higher levels of 
membrane potential, responses to both impulses were smaller and the second 
one appreciably smaller than the first. The maximum over-all polarization 
obtained was about 10 mV. The change-over potential was 60 mV. 

The opener and stretcher muscles were examined in regard to both the 
common and specific inhibitors. Similar results were obtained to those in 
_ C. antennarius, namely that the common inhibitor evokes only minute or no 
conductance changes in these two muscles. It should be noted that this same 
inhibitor is reponsible for definite inhibitory junctional potentials in the closer 
and bender. 

Panulwrus 

_ Inhibitory potentials of appreciable magnitude (0-2-0-6 mV) have his 

observed in closers, openers, stretchers and benders. Only very small poten- 
tials (0-1 mV) were found in the extensors. The change-over potential was 
determined for one stretcher muscle which had a mean membrane potential 
of 58 mV; it was also 58mV. But fibres with a higher resting potential than 
58 mV did not give positive (depolarizing) inhibitory potentials. We have 
_ found fibres with resting potentials of more than 80 mV and some of these had 
eS inhibitory potentials, but they were polarizing, and the change-over potential 
in these fibres must have been almost 85 mV. It would seem that in Panulirus 
the change-over potential is always a little higher than the membrane potential 
and that it can have a wide range, from about 50 mV in some fibres to 85 mV 
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10 msec 
Fig. 3. Inhibitory potentials recorded from two adjacent muscle fibres of Cancer anthony. 
The two muscle fibres had similar resting potentials (60 mV). 


2mV 


10 msec 
Fig. 4. Summation of inhibitory potentials. Paired stimuli were applied to the specific inhibitor 
axon of Cancer anthonyi opener muscle at progressively shorter intervals. Intracellular 
recording of unusually large potentials. 
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in others. In many cases, following repetitive inhibitory stimulation which 

raised the resting potential by several millivolts, the return to the original 

resting potential was very slow. In a few instances the higher level of mem- 
brane potential ribo to be retained indefinitely, = 


Simple or B-inhibition 

Complete mechanical inhibition in the absence of reduction in the sical 
_ amplitude of intracellularly recorded junctional potentials has been observed 
in the openers and stretchers of Cancer for both common and the specific 
inhibitors; the opener, closer, bender and extensor muscles of Panulirus and 
the opener of Cambarus against the single or both slow and fast excitor axons. 
In some of these cases (common inhibitor of Cancer, all muscles of Panulirus) 
most fibres penetrated did not show any reduction, no matter what the ‘timing’ 
of the inhibitory against the excitatory impulses was; in the others absence 
of reduction occurred only when the inhibitory impulses arrived late. 

In the extensor of Panulirus mechanical inhibition became incomplete 
when the fast motor axon and the inhibitor were stimulated at frequencies 
above 60/sec. Even increasing the inhibitory frequency above this value 
did not lead to a complete suppression of the contraction; in spite of the fact 
that there is no ‘spiking’ im the muscle responses. In other fast systems, 
like that of the closer of the claw of Cambarus or the ‘closer’ of the walking 
leg of Pachygrapsus, complete mechanical inhibition cannot be obtained at 
any frequency ratio. These are muscles which give some large spike responses. 
Evidently inhibition is effective against excitation afforded by junctional 
potentials and small spike potentials, but not against that afforded by large 
spike potentials. In one or two cases inhibitory action may not be able to 
_ work completely effectively against really large junctional potential excitation. 
This is probably an expression of the failure to reach a quantitatively great 
enough inhibitory action to suppress the excitatory one. By lowering the 
frequency of inhibitory impulses mechanical inhibition can always be made 
partial against a given excitatory frequency. In certain cases, however, the 
reason for the partial failure of inhibitory action is the long refractory period of 
the inhibitory nerve fibre (Wiersma & Ellis, 1942) rather than a ig nannies 
| inadequate inhibitory action. | 


Supplemented or «-inhibition 
The finding that mechanical inhibition is complete i in the absence of any 
reduction in amplitude of the j.p.s means that when there is a reduction, as 
in supplemented inhibition, the action might be an incidental phenomenon 
lacking in functional significance. Inhibition in this peripheral system is a 
graded process, recognized by the degree of failure of the mechanical con- 
_ traction during the continued excitation of the motor fibre. In order to be 
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interpreted as a second type of inhibition, the attenuation of the junctional 
potentials during supplemented inhibition would have to produce an additional 
effect above simple inhibition on the mechanogram. Such an influence could 
appear (a) by making it possible for just complete inhibition to occur at a 
lower ratio of inhibitory: excitatory impulse frequency or (b) by increasing 
through supplemented inhibition the rate of fall of tension at the onset of 
inhibitory action. 

In our experience (see also Marmont & Wiersma, 1938) we have failed to 
find any evidence for either (a) or (6) in any of the systems examined. Atten- 
tion should, however, be drawn to the experience of Kuffler & Katz (1946) onan 


{10 msec 


Fig. 5. Action of common inhibitor of Cancer anthonyi in muscle fibre of the opener. Large inhibi- 
tory potential (a) did not attenuate excitatory potential (b) but summed with it algebraically 
(c,d). Frequency of stimulation 30/sec. 


Australian ‘crayfish’ opener. Although they found no effect of timing at 
higher frequencies, they did find one at 10 and 20/sec, when supplemented 
inhibition gave a more rapid decay of tension than simple inhibition. 

_ Supplemented inhibition cannot be obtained, as stated in any of the muscles 
of Panulirus, which are as readily inhibitable mechanically as those of most 
other species. In most species where it is present it can be obtained only in 
the opener and stretcher muscles, although we have encountered it, occasion- 
ally, in other muscle fibres, e.g. in the closer of Cancer antennarius, in which a 
clear reduction of the junctional potentials, either fast or slow, did occur. 
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There is an interesting difference between the common and specific in- 
hibitors of the opener muscles of crabs in regard to attenuation of excitatory 
potentials. It will be recalled that the common inhibitor has very little effect 
on membrane conductance in these muscles, as judged by the small size of the 
inhibitory potentials. The common inhibitor never attenuated the junctional 
potential by more than 5% at optimal timing (Fig. 5), whereas the specific 


Fig. 6. Alternate pre (a): inhibition a muscle fibre of the 
opener of Cambarus. The excitatory and inhibitory stimulations were set at very slightly 
different stimulation frequencies to obtain a slow periodic change in the timing of the arrival 
of the impulses. The dark line gives the horizontal axis. Note that there is a slow polarization 
throughout. Stimulation frequency 30/sec, Mechanical inhibition was complete throughout. 
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Fig. 7. Rates of rise of excitatory potentials during early and late supplemented inhibition. 
(a) late arrival cuts tops off the excitatory potentials; (6) early arrival causes slowing of 

} . rate of rise and introduces fluctuations in it. Opener of Cambarus. 
28 PHYSIO. OXLIII 
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inhibitor could attenuate the excitatory potential in the same fibres by as 
much as 70%. 

As is well known, attenuation of the junctional potentials, where present, 
occurs only when the inhibitory impulse arrives at about the same time as the 
excitatory one (Fig. 6). It is maximal when the inhibitory impulse arrives 
just before the excitatory one. This phenomenon has been studied in detail 
by Fatt & Katz (1953) and we have little to add to their findings. We did, 
however, make a closer study of the effects, when the inhibitory impulse 
arrives too late to produce maximal reduction of the junctional potential, 


10 msec 


Fig. 8. Supplemented («) inhibition in @ muscle fibre of Cambarus opener which showed depolar- © 
izing inhibitory potentials, (a) Inhibitory potential alone; (b) excitatory junctional poten- 
tial alone; (c)-(h), progressively closer timing of inhibitory and excitatory potentials; (i) late 
arrival of inhibitory potential—note summation of depolarizations; (j) excitatory potential 
alone at end of inhibition. a 
place notwithstanding the inhibitory stimulation. 


compared to the influence when it arrives too early. In the first instance 
the junctional potential starts to rise at normal speed, which changes abruptly 
so that the top is cut off; in the second instance the rate of rise is reduced, 
especially at the beginning (Fig. 7). 

In contrast to the observations of Fatt & Katz we did not always find that 
a late arrival of the inhibitory impulse caused the junctional potential to 
decay more rapidly. This does occur in some muscle fibres, but in others there 
is no effect and the decay may even be slowed down by the inhibitory impulse, 
_— these fibres did not differ in the amount of attenuation at optimal 
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time interval. The decay was always slowed down in fibres which gave 
depolarizing inhibitory impulses (Fig. 81). In these last fibres attenuation 
occurs in spite of the fact that the two potentials have the same sign. 


Inhibitory transmitter substance 


lt was suggested by P. Fatt (1957) at the British Association meeting in 
1957 that there is a common inhibitory substance in some crustaceans and that 
it may be y-amino butyric acid. We have applied this substance in concentra- 
tions of 10-*-10-* to several preparations of crayfish and crab opener muscles. 
It did not produce mechanical inhibition in any of them, nor did it raise the 
~ gesting potential in muscle fibres in which inhibitory action had this effect. 


DISCUSSION 
_ The presence of inhibitory potentials of opposite signs in different animals of 
the same species or even in different muscle fibres of the same muscle raises 
several problems. Polarizing inhibitory potentials were to be expected: they 
have been reported for a number of situations. Thus Brock, Coombs & Eccles 
(1952) found them present in mammalian motoneurones, Kuffler & Eyzaguirre 
(1955) in the sensory nerve cell of the stretch receptor of the crayfish, del 

Castillo & Katz (1955) and Hutter & Trautwein (1956) in the muscle fibres of 
the sinus venosus of the frog heart. Also, polarizing potentials in response to 
nerve stimulation have been found in muscle fibres of the jumping leg of the 
locust (Hoyle, 1955). By contrast, there is not the same precedence for de- 
polarizing inhibitory potentials. Depolarizing potentials occurring naturally 
during stimulation of one of the inhibitory axons supplying a crustacean 
stretch receptor have been found (Kuffler & Eyzaguirre, 1955), and they can be 
produced artificially by changing the membrane equilibrium with polarizing 
current. This is also the case with the motoneurone of the cat (Coombs, Eccles 
& Fatt, 1955). But in both these instances the inhibitory potentials behave 
like excitatory ones when they are depolarizing, and give rise to spikes. 
Whether the transmitter action is excitatory or inhibitory depends on the 
_ Inembrane potential change which it evokes. 

The situation is not so simple in crustacean muscle and it will be necessary 
to discuss it in some detail. Reversal of sign of the inhibitory potentials of 
crustacean muscle when the membrane potential is artificially raised was 
found by Fatt & Katz (1953). Reversal was obtained also in our investigations 
by raising the membrane potential in the case of polarizing potentials, and by 
lowering it in the case of depolarizing ones. This ev casts that the inhibitory 
substance causes a decrease in the resistance in series with the e.m.f. of the 
membrane. But this has to be reconciled with the observation that the normal 
inhibitory potentials can have either sign. One possible explanation is that 
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there are two principal components of the membrane potential, both due to 
diffusion potentials, which differ in magnitude by a few millivolts only. At 
_ different times one or the other determines the membrane potential. Then if 
the inhibitory transmitter causes increased permeability to only one ion, or 
to both but to different extents, the potential evoked will be positive or nega- 
tive according to whether the more freely moving ion is also the dominant or 
the minor component of the membrane potential at the time. The two most 
probable ions to be considered are potassium and chloride. A chloride ion 
dominance would, however, probably require the existence of a chloride ion 
pump, for which there is as yet no evidence in other systems. 

Whatever the basis of the electrical changes in the membrane during in- 
hibitory stimulation may be, it is apparent that the observed electrical effect 
is not proportional to the inhibitory action in all the cases examined. Nor is 
attenuation of the excitatory j.p.s, which in any case occurs in but a few muscles, 
a direct cause of inhibition. There is always, in inhibition, a reduction of the 
- maintained depolarization produced by the excitatory stimulation, the pheno- 
menon suggested by Fatt & Katz as a possible basis for inhibitory action. But 
it should be noted that the efficiency of inhibitory action is independent of 
whether the individual inhibitory potentials are polarizing or depolarizing, 
both in regard to mechanical action and in attenuating excitatory j.p.s. 
In this respect the inhibitory potentials differ from those in motoneurones of 
vertebrates and in crustacean stretch receptor cells, in which the action ceases 
to be inhibitory if it is depolarizing. 

It may therefore be that the electrical effects are not the direct cause of 
mechanical inhibition. In attempting to explain inhibition in Crustacea, 
Marmont & Wiersma (1938) suggested that the inhibitory transmitter sub- 
stance diffuses across the muscle-fibre membrane from the diffuse nerve 
terminals and acts within the fibre directly on the contractile elements. The 
main objection to this view is that the observable events are too quick to be 
explicable on the basis of ordinary rates of diffusion. But our present results 
require an explanation of a somewhat similar kind. By substituting a direct 
action on the coupling mechanism, which may be situated at or close to the 
surface membrane, rather than on the contractile mechanism, the time 
factor is taken care of. The problem is examined further in the following 
paper (Hoyle & Wiersma, 19585). 

There are appreciable differences in the inhibitory effects of the common and 
the specific inhibitors in the opener and stretcher muscles of crabs. The question 
arises then, as with slow and fast motor systems, whether they are due to 
differences in secondary factors, such as the location of the excitatory nerve 
endings relative to the inhibitory ones, or whether there are different in- 


hibitory transmitter substances. At present one cannot decide between these 
alternatives. 
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SUMMARY 


1. The nature of the electrical events associated with inhibition in crusta- 
~ gean muscle fibres has been examined with the aid of intracellular recording 

@lectrodes. 

2. In many muscles stimulation of the inhibitory axon or axons results in 
the appearance of polarizing potentials in the muscle fibres. These sum to give 
a hyperpolarization plateau of up to 15 mV in some fibres during repetitive 
stimulation. 

_ §. In ‘spring’ crayfish there were many muscle fibres which showed a 
depolarization during inhibitory stimulation. There was no loss of mechanical 
inhibitory effect. 

4. In all cases the sign af the inhibitory potential could be reversed by 
changing the membrane potential artificially. The potential at which the sign 
reversed (change-over potential) was found to be constant in some fibres, 
_ whereas in others it depended on the actual value of the resting membrane 
potential of the fibre. 

5, The greater proportion of muscles tested vena only simple (8) in- 
hibition; inhibitory nerve impulses stopped the contraction without reducing 
the amplitude of the excitatory junctional potentials. 

6. In those muscles which showed supplemented («) inhibition, attenuation 
of junctional potentials as well as mechanical relaxation, no evidence could 
be obtained that appropriate timing for maximum electrical attenuation was _ 
also more effective mechanically. 

7, Gamma-amino butyric acid did not mimic the inhibitory action. 
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COUPLING OF MEMBRANE POTENTIAL TO CONTRACTION 
IN CRUSTACEAN MUSCLES 


By G. HOYLE ann C. A. G. WIERSMA 
From the Division of Biology, California Institute of Technology, 
Pasadena, California — 


(Received 27 February 1958) 


The mechanism, whereby the changes in the surface membrane of the muscle 
fibre which are reflected in the electrical potential changes taking place on 
excitation bring about contraction, remains virtually unexplored in any neuro- 
muscular system (Hill, 1950; Hoyle, 1957; Gelfan, 1958). The only theories 
ever proposed for striated muscles have tried, like the disputed (Sten- Knudsen, 
1954) window-field theory (Bay, Goodall & Szent-Gyorgyi, 1953; Csapo &. 
Suzuki, 1957), to link contraction directly to the electrical field which is set 
up by the propagated action potential. Such a theory, even if it were tenable 
elsewhere, could not in any case be applied in the Crustacea. Contraction in 
most crustacean muscles occurs when there are only very small junctional 
potentials (j.p.s) and the depolarization of the membrane occurs almost syn- 
chronously over the whole surface of the muscle fibre owing to the distributed 
nature of the nerve terminals (Fatt & Katz, 1953a; Hoyle & Wiersma, 1958a). 
_ There is thus no appreciable potential difference between different parts of the — 
fibre during the excitation. Only the potential difference between the inside 
and the outside of the membrane is changed and the extent of this may be 
very small, 

One possibility which has been very tentatively suggested (Fatt & Katz, 
19536) is that contraction in crustacean muscle starts at a particular level of 
membrane potential, Thereafter, presumably, greater depolarization causes 
more and more contraction. The mean level of depolarization produced by the 
summed j.p.s would then be the principal factor determining contraction. This 
theory is in line with the currently accepted hypothesis of excitation in smooth 
muscle fibres and in the slow motor system of the frog. In the guinea-pig taenia 
coli the tension has been shown to be inversely related to the membrane 
_ potential (Biilbring, 1955). In the slow skeletal muscle system of the frog the 
tension is related to the depolarization plateau produced during repetitive 
excitation (Kuffler & Vaughan Williams, 1953). 
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The nature of the physico-chemical phenomena which in these muscles 
might couple the membrane potential to contraction cannot, in the present 
state of our knowledge, even be hinted at. It is known that the link can be 
partially or completely uncoupled by various chemical treatments and it is 
hoped that some of these may shed light on the mechanism. In the taenia coli 
the tension can also be related directly to the height and duration of recurring 
small spike potentials. But following treatment with DNP this correla- 
tion is abolished (Biilbring & Liillman, 1957). The membrane is excited 
so that it becomes depolarized, and both spike frequency and duration 
increase simultaneously. But in spite of the increased membrane activity 
the muscle relaxes, uncoupling of the two events has been achieved by 
the drug. 

In ordinary frog muscle, also, the spike mechanism can be dissociated from 
contraction by the simple expedient of raising the osmotic pressure of the 
bathing fluid 2} times with sodium chloride solutions. The contraction is 
reduced and eventually abolished, although the action potential as recorded 
with an internal electrode is actually increased somewhat in height (Hodgkin 
& Horowicz, 1957). The link in this muscle used to be regarded as an all-or- 
nothing one by many authors, but its lability has now also been disclosed in 
experiments in which the chloride of the Ringer’s fluid is replaced by nitrate, 
bromide or iodide. The twitch tension is increased in that order (Hill & 
_ Macpherson, 1954), apparently owing to an increased duration of action of the 
_ coupling mechanism. The phenomena are immediately reversible when normal 
Ringer’s fluid is substituted, which indicates that they occur at the fibre 
surface where, presumably, the coupling mechanism is situated. 7 

In view of the nature of the excitatory and inhibitory events occurring in 
crustacean muscles, these should provide excellent material for the investiga- 
tion of the coupling mechanism. There are several different excitatory pro- 
cesses (Hoyle & Wiersma, 19582) and most of these can be partially or com- 
pletely uncoupled by natural events such as inhibitory transmitter action 
(Hoyle & Wiersma, 19585). 

The purpose of the present evabieiicns was to study the relationship 
between the membrane potential and tension in crustacean muscles, with a 
view to determining the extent to which the two might be coupled and to 
attempt to shed some light on the nature of the coupling mechanism. 


METHODS 
The preparations investigated were the same as those described in the previous papers (Hoyle 


& Wiersma, 1958a, b). These will be 
described in turn. 
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RESULTS 


Opener of Cambarus 

In all muscle fibres examined, stimulation of the excitor nerve fibre at a 
frequency adequate to evoke a contraction leads to a reduction in the level of 
the membrane potential. The extent of this reduction varies from fibre to 
fibre, as does the height of individual j.p.s. The reduction is approximately 
 gorrelated with the height of the j.p.s but there is a considerable degree of 
scatter. Thus in fibres showing j.p.s of similar height (6 mV at 50/sec) the 
membranes were depolarized by as little as 4mV (maintained) in some 
fibres to as much as 20 mV (maintained) in others. : 


5 sec 

_ Fig. 1. Membrane potential changes associated with excitation and inhibition in the stretcher of 
Panulirus. Upper trace, tension (downward deflexion); lower trace, intracellular record of 
membrane potential changes, direct-coupled amplification. Frequency 35/sec approx. 

- The upper horizontal line marks the duration of the excitatory stimulation, the lower one 

that of inhibitory stimulation, Note that the membrane becomes slightly more polarized 
during inhibition with excitation than during rest. 
The extent of the depolarization in individual fibres was related to the 

_ frequency of stimulation of the motor axon in a manner similar to that found 

in the Panulirus closer (Hoyle & Wiersma, 1958a, Fig. 2). Repetitive in- 

hibitory stimulation given alone commonly polarized the membrane by 0-1- 
-10mV. In many fibres, however, and sometimes in every fibre of a given 

- Muscle, it depolarized the membrane by 0-1-4 mV. 

We will consider first only those fibres in which the inhibitory axon causes 
_ either no potential or a polarizing one. In these fibres, if inhibition is given 
_ during excitation, it effects a considerable reduction in the maintained level of 

_ depolarization produced by the excitatory stimulation. The membrane poten- 

_ tial may even be polarized beyond the resting level. An example of a similar 

_ phenomenon from another muscle during simple (8) inhibition is shown in 

_ ‘Kig. 1. The extent of the polarization is a function of the frequency of inhibi- 

_ tory stimulation as also is the tension developed. 

Some values obtained during an experiment on the opener are illustrated in 

Fig. 2. The motor axon was stimulated at a frequency of 45/sec and the full 

tension allowed to develop. Then the inhibitory axon was stimulated, at 
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several frequencies. At each frequency the maintained level of membrane 
potential was measured and also the tension, whilst the excitatory frequency 
was kept constant. Complete mechanical inhibition occurred at an inhibitory 
‘stimulation frequency of 30/sec. At higher frequencies up to 2mV more 
polarization could be effected. This shows that higher frequencies of inhibition 
‘can cause an appreciably larger effect, as is also evident from the fact that they — 
can inhibit higher frequencies of excitation completely. 
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| Frequency (per second) : 

Fig. 2. Tension, @, of whole muscle, and membrane polarization, O, measured in a single re- 
presentative muscle fibre as maintained polarization above potential level reached during 
excitation alone. Different frequencies of inhibitory stimulation were given, whilst the excitor 
was stimulated at 45/sec; opener of Cambarus. : 


Isolated results from a few fibres unfortunately do not necessarily represent 
the general activity in the muscle. It would be essential in this kind of experi- 
ment to record from a large number of muscle fibres taken at random in order 
to obtain a mean value which would be statistically significant, and this has 
not been attempted in our investigation. However, if we may provisionally 
regard the fibre of Fig. 2 as being a reasonably typical example, which we 
think it was for muscles in this state, some features of the relationship between 
tension and membrane potential can be described. These are as follows: 
(1) There is a threshold level of depolarization at which contraction starts; 
when inhibitory action restores the membrane potential to this same level the 
contraction becomes completely inhibited (not shown in Fig. 2). (2) There 
is a minimum frequency of inhibitory stimulation at which the membrane 
polarization becomes evident; this was at only 5 stimuli/sec in the experi- 
ment quoted. (3) The tension starts to fall at the least frequency at which the 
inhibitory stimulation starts to reveal a maintained polarization. (4) Every 
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degree of tension can be obtained by varying the frequency of stimulation of 
the inhibitor axon. (5) There is an inverse relationship, which is approximately 
linear, between the tension developed and the maintained membrane potential 
change, from frequencies of 10-80 stimuli/sec. 

These findings are clearly compatible with the hypothesis which links tension 
to membrane potential, but they do not constitute evidence that there is a 
causal relationship. It would be necessary to suppose that a shift of mem- 
brane potential of only a fraction of a millivolt is an adequate stimulus for — 
contraction, at the threshold. In a bi-stable system a very small change is 
adequate to effect the transition from one stable mode to the other, or to 
release a trigger and initiate new events. But we are clearly not dealing here 
_ with either a bi-stable system or a trigger action. The energy change after the 
‘threshold’ is exceeded is a graded, not an abrupt process. For, as previously 
stated, in this muscle it is not possible to believe that only a:few muscle fibres 
would be involved in weak contractions. We must, therefore, consider the 
- possibility that the electrical events are merely associated with some other 

event which is the real determinant of coupling. 


5 sec 
_ Fig. 3. Relationship between tension (upper trace) and membrane potential (lower trace) in a 
_Cambarus opener preparation in which inhibitory stimulation caused depolarization; upper 
horizontal line, excitation; lower, inhibition. Notice that during simultaneous stimulation of 
both axons the junctional potentials gradually change in height; this was due to slight 
differences in frequencies of the excitatory and inhibitory stimulations. 


Returning to the membrane changes, in those muscle fibres which show a 
_ depolarization during inhibitory stimulation, the excitatory and inhibitory 
depolarizations may initially sum. But as the depolarization continues beyond 
_ acertain level, which is not very critical, the inhibitory action becomes polar- 
- izing. Cutting off inhibition during simultaneous stimulation of the excitor 
_ and inhibitor when the membrane potential has reached this level may then | 


cause slight further depolarization (Fig. 3), restoring it again causes a slight 


_ polarization. Thus the existence of depolarizing inhibitory potentials does not 
provide convincing evidence against coupling of the membrane potential and 
contraction. 
Results similar to those obtained in the opener of Cambarus have been 
observed also in some of the other muscles examined, notably the openers and 
stretchers of Cancer antennarius and C. anthonyi. The stretcher of Panulirus 
interruptus gave similar results too, with the exception that depolarizing 
| inhibitory potentials were never found. Typical results from some of these 
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experiments are shown in Fig. 4. It will be seen that in each case the tension is 
inversely related to the membrane potential. Inhibitory stimulation given 
alone causes a polarization in all these instances. When excitatory stimulation 
is given at the same time the membrane potential remains at the higher level 
or falls. slightly. Immediately the inhibitory stimulation is turned off the 
potential falls quickly but by a small amount. In the Panulrus stretcher 
muscle stimulated at 65/sec the potential drops by 10 mV. In the Cancer 
stretcher, however, the corresponding value is only 1 mV. At lower frequencies 
of stimulation, which just cause a contraction, these values were all reduced 
by about two thirds. 


;Panulirus stretcher 
Cancer closer... 


Cancer stretcher 


Cancer opener. . 


mb 
nsion 
ER 


Fig. 4. Relationship between tension (upper traces) and membrane potential (lower traces) 
during excitatory and inhibitory nerve stimulation in various crustacean preparations. The 


upper horizontal line marks in each record the duration of the excitatory, and the lower 


line of the inhibitory stimulations. For Cambarus opener membrane potential is recorded 


in the upper, tension in the lower trace. Increasing tension is a downwards deflexion except 
in the Cambarus opener, where it is upwards. 


Double motor innervation and inhibition 

The depolarization brought about by the slow and fast motor axons of the 
‘closer’ muscles of the walking legs of Cancer and Panulirus have been 
examined and correlated with tension. The depolarizations in the crabs were 
very small. The observations for Panulirus have been presented in an 
earlier paper (Hoyle & Wiersma, 1958a). At the lower frequencies of stimula- 
tion the slow axon effects a greater extent of maintained depolarization relative 
to the magnitude of the j.p.s than the fast. At higher frequencies there is no 
significant difference in the maintained depolarizations Eeosinend by the two 
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fibres. Tensions are correspondingly similar. The principal difference between 
the ‘slow’ and ‘fast’ systems lies in the greater speed of onset of the latter’s 
contraction. 

Inhibitory stimulation of the same frequency as the excitatory one is 
equally effective in counteracting the two membrane depolarizations and 
inhibits both contractions fully. Results from the Cancer closer are illustrated 
in Fig. 5. These are records of the largest potential changes which could 
be found in the preparation. Approximately the same amount of final tension 
was produced by each system, but tension was developed more quickly 
by stimulation of the fast axon. The tension fell away equally quickly for the 
two systems when inhibition was turned on. The rate of relaxation during 
inhibition was exactly that of normal relaxation following cessation of excita- 
tion alone. The development of the maintained membrane potential change 
_ during stimulation of the fast axon is detectably faster than that during slow. 
- The differences are, however, extremely slight. 


| E i Membrane 
potential 
A 5 sec 
Fast “— 10 mV 


_ Fig. 5. Relationship between tension (upper traces) and membrane potential (lower traces) 
during inhibitory and excitatory stimulation of both ‘slow’ and ‘fast’ nerve fibres of the 
closer of Cancer antennarius. Intracellular records from the same muscle fibre. 


That there is equality between the rate of natural relaxation and that 
effected by inhibitory stimulation at a frequency which gives complete 
mechanical inhibition has been reported previously for a number of systems 
(van Harreveld & Wiersma, 1939). This is a significant observation as it 
suggests that inhibitory action uncouples the excitatory process in an abrupt 
fashion as soon as inhibition is turned on. The restoration of the membrane 
potential in Cancer takes place slowly, although it is very fast in Panulirus 
_ and Cambarus (Fig. 1). It seems doubtful whether in Cancer, at least, the 
_ membrane potential change as such is the factor which determines the tension. 


Potential and tension changes during simple (8) and 
supplemented (x) inhibition 
_ The tension has been correlated with maintained membrane potential in - 
_ tases of simple and supplemented inhibition in the openers of Cambarus and 
Cancer. Supplemented inhibition does not occur in Panulirus. Some of the 
_ Tesults have been described already (Hoyle & Wiersma, 19586). 
Since, during supplemented inhibition the j.p.s are attenuated, the polariza- 
tion effect should be greater than in simple inhibition. This is the case; polariza- 
__ tion is effected at a greater rate and may also achieve a higher level during — 
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attenuation (Hoyle & Wiersma 1958), Fig. 6). On the hypothesis that tension 
development is coupled to the membrane potential, supplemented inhibition 
should cause a faster relaxation than simple inhibition. This effect was not 
found. This, therefore, also suggests that inhibitory action may not be the 
result of the potential change. The potential change is not coincident with the 
tension change but precedes it by many milliseconds, Thus it is not a secondary 
accompaniment of the actual contraction or relaxation of the muscle substance. 


The paradoa, state 


One of the most intriguing problems in the physiology of crustacean neuro- 
muscular transmission has remained unexplored since it was raised as the 
result of experiments by Wiersma & van Harreveld (1938) on the doubly- 
motor-innervated closers of Blepharipoda and Randallia. They found that 
stimulation of the fast axon at a low frequency (about 12/sec) evoked large 
electrical responses but no contraction. By contrast, stimulation of the slow 
axon at the same frequency evoked a contraction, but the electrical responses 
were so small as to be hardly detectable. The phenomenon was discovered in 
experiments utilizing condenser-coupled amplifiers and outside leads, so it 
was possible that the slow axon was evoking the contractions by depolariza- 
tion without the presence of rapid junctional potentials. Alternatively, only 
a few muscle fibres might be active, though giving powerful contractions from 
the slow system, as may be the case in Pachygrapsus closer muscle (Hoyle & 
Wiersma, 19582). These possibilities could only be resolved with the aid of 
intracellular recording, which has been used in the present experiments. 

Unfortunately, only one large specimen of Randallia, which is by far the best 
species for exposing the muscle surface without damage, has been available. 
In this specimen it was found that the excitatory j.p.s occurring to both slow- 
and fast-axon stimulation were remarkably uniform in size in all muscle 
fibres tested, whether from the proximal, middle or distal part or at the surface 
of the muscle or from a deep layer. Both the size of the j.p.s and the amount 
of depolarization were greater for the fast axon than for the slow (Fig. 6). 
This was true for all fibres examined. 

At the start of the experiments there was a contraction in response to fast- 
axon stimulation at 10/sec and this was larger than the response to the slow 
axon at the same frequency. But after about half an hour the muscle, in both 
legs studied, went into the paradox state. Then contraction ceased in response 
to stimulation of the fast axon at 10-20/sec, although the j.p.s and also the 
maintained depolarization remained unchanged. The contractions in response 
to stimulation of the slow axon remained good over the same frequency range. 

We have found the phenomenon also in Blepharipoda, although the electrical 
Tesponses were very small and showed some degree of overlap between ‘fast’ 


and ‘slow’ responses in different fibres. It also occurs regularly in the closer of — 
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Cambarus, after the twitch on a single impulse in the fast axon has declined 
with ageing of the preparation, and we obtained it occasionally in the ‘closer’ 
of Panulirus. Most other doubly-motor-innervated muscles, however, do not 
show it. Thus, we have not found it in the extensor of Panulirus, which in 
other ways resembles the closers of Randallia and Blepharipoda (Hoyle & 
Wiersma, 1958a). For here the fast system gives slow, smooth and powerful 


Tension 
Membrane 
potential 


C10 mV. 


Fig. 6. Relationship between tension (upper traces, increasing tension upwards) and membrane 
potential in closer of Randallia. Intracellular direct-coupled records from same muscle fibre 
during stimulation of ‘fast’ and ‘slow’ axons at 15/sec. 


contractions at frequencies of excitation even lower than 10 /sec. At this 
frequency the largest j.p.s are some 4 mV in height and share is no >» maneainined 
depolarization (Fig. 7). 

When the closer of the Cambarus pincher is in the paradox state, the fast 
junctional potentials (f.j.p.s) are quite large, of the order of 10 mV (Fig. 8). 
At frequencies at which the paradox is evident there is no appreciable main- 
tained depolarization. The slow junctional potentials (s.j.p.s) are then barely 
measurable. In most muscle fibres they do not cause any discernible main- 
- tamed depolarization, but there are a few in which an appreciable one develops. 
Whether the slow contractions at paradox frequencies can be ascribed in this 
muscle to those fibres which do show these maintained Gaprlarientnns, as in 
the example illustrated (Fig. 8), is problematical. 

The remarkable differences in the mechanical responses of the fast and slow 
systems in the paradox state and the different associated electrical effects 
_ Make it improbable that they are simply due to quantitative differences in the 
-Telease of, and reaction to, a common transmitter substance. Instead, it 
appears that different chemical transmitters must be liberated at the terminals 
of the two axons, This adds considerable weight to the arguments advanced in 
the first. paper (Hoyle & Wiersma, 1958a) for different transmitter substances 
in all cases of double motor innervation. 
eur findings confirm the existence of the paradox state as a physiological 

phenomenon in three crustaceans. The intracellular leads show that the 
findings with external recordings by Wiersma & van Harreveld (1938) are 
paralleled by similar observations from each individual muscle fibre, with 
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respect to the relative height of the j.p.s, and that they are not due to different 
reactions of a mixed at of muscle fibres. 


sec 


Fig. 7. Tension (upper trace) and membrane potential (lower trace) from extensor muscle of 
Panulirus during stimulation of the ‘fast’ nerve fibre. Note long period of slow growth of 
electrical responses, slow summing mechanical responses. The ‘slow’ nerve fibre did not evoke 
a mechanical response at this frequency (3°5/sec). 


Fig. 8. Closer of Cambarus in paradox state. Leads from an exceptional muscle fibre during 
stimulation at 6/sec. Upper trace, tension; lower trace, membrane potential. Note the | 


DISCUSSION 


The observations described above, particularly those on the ahaa: render 
untenable any hypothesis which couples the tension of muscular contraction 
directly to the membrane potential. Although it was found that in most of - 
those crustacean preparations which do not have frequent spike and twitch 
responses there is a correlation between the extent of total contraction and the 
maintained depolarization level during excitation at higher frequencies, there 
is often no such correlation at the lowest frequencies which cause contraction. 
As an alternative we suggest that the clues to the various problems of 
excitation lie in the coupling mechanism and the manner of its activation — 
during nervous action. The transmitter substances of most ‘slow’ and ‘ opener- 
_ stretcher’ systems and some ‘fast’ systems can evidently initiate contraction 
without at the same time evoking membrane potential changes larger than 
1 mV. These substances could be exerting this effect in any of three different 
ways. In view of the diffuse nature of the innervation they could be themselves 
crossing the membrane and act on the coupling mechanism directly. Or they 
could be causing increased permeability of the membrane to a minor (‘key’) 
ion selectively so that its movement (inwards or outwards, as the case may be) 
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affects the coupling mechanism. The movement of calcium ions, for instance, 
might work as a link in this way. Thirdly, they may initiate the release in the 
membrane of a substance which in turn diffuses inwards and excites the coupling 
mechanism. In the first and third possibilities the permeability changes could 
be incidental accompaniments of the primary action. 

The ‘fast’ transmitter substance produces in the paradox states f.j.p.s 
which clearly do not affect the coupling mechanism until they reach a critical 
height. If permeability increase to a ‘key’ ion is the fundamental process we 
could interpret their failure to initiate contraction on the basis that the per- 
_ meability of this “key’ ion is not sufficiently affected by the electrical events 
ofthe j.p. In contrast, the ‘slow’ transmitter action would from the beginning 
change the permeability to this ‘key’ ion. 

The large spike, when it occurs, must give a large excitatory ‘boost’ to the 
coupling mechanism, which may, for example, be brought about by increasing 
the permeability to the ‘key’ ion very markedly, if this is the initiating pro- 
- cess, or by releasing the substance which effects coupling if that is the path- 
way. The ionic movements during spiking are different from those occurring 
during pure j.p.s, particularly in regard to the repolarizing phase. These ionic 
movements would include movements of the ‘key’ ion. 

There may be muscle fibres in Crustacea which do not contract in response to 
the changes produced by pure j.p.s alone, but only to secondary responses of 
the kind which become spikes when large enough. But in other cases both slow 
and fast j.p.s are able to evoke contraction. The ‘slow’ system, however, is 
almost invariably more efficient in this respect, which may denote that the 
8.j.p.8 either give a proportionally greater release of ‘coupling-substance’ 
or are more efficient toward changes of the ‘key’ ion permeability. 

The phenomenon of inhibition can be regarded as an uncoupling of the 

_ excitatory process by means of an inhibitory transmitter substance. With 
coincident timing of the arrival of excitatory and inhibitory nerve impulses, 
this may be associated in some systems with attenuation of the excitatory 
potentials, but this latter process, earlier called supplemented inhibition, 
we do not consider itself an inhibitory mechanism. The electrical manifesta- 
tions of excitatory transmission do not, in any case, as has been argued above, 
always give an indication of the true excitation. The action of the inhibitory 
_ transmitter substance appears to be a direct one, probably on the coupling 
_ process. Thus, for example, it may block the transfer of the ‘key’ ion or 
prevent its action, or it may prevent the release of a ‘coupling substance’. 
In some such mechanism may be hidden the reason why ‘fast’ contractions 
are invariably more difficult to inhibit than ‘slow’ ones of the same magnitude. 
_ These investigations have shown that the excitatory and inhibitory mech- 
- nisms encountered in the eight species of crustaceans studied are of a con- 
siderable variety. They do not fall into any simple scheme of classification, 
29 PHYSIO. CXLIII 
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for even in the one outlined above some phenomena, like the effectiveness of 
spikes in causing contraction and the inability to inhibit them, as well as the - 
generation of secondary processes as a result of the j.p.s, are not accounted for 
without further hypotheses. Generalizations based on the results of observa- 
tions on one muscle, or even on several muscles of one species, would be 
misleading in most instances. 

The number of peripheral motor axons is fixed and the total number of 
nerve cells in the central nervous system is small in Crustacea (Wiersma, 1957). 
Hence, the plasticity of the neuromuscular junction affords an important site 
for adaptive changes. Alterations in habitat or in way of life may find an 
original reflex giving too weak or too strong a contraction for the new need, 
but by changes in the junctional transmission the adaptive correction can be 
obtained. It is therefore not difficult to visualize how the many variations of 
the transmission processes, present in the decapod crustaceans, have come 
about. 


SUMMARY 


1, The mechanism is unknown whereby the surface membrane changes of 
muscle fibres occurring during excitation bring about contraction. It seems 
that crustaceans, in which there are two or more excitatory mechanisms and 
also one or two inhibitory ones operating on the same muscle fibre, offer a 
specially favourable situation for the study of this problem. . 

2. In many instances the total tension of a muscle can be related to the 
membrane potential of typical component muscle fibres over a wide range 
during nervous excitation and inhibition at various frequencies. 

3. This relationship breaks down, however, iti muscles which exhibit the 
so-called ‘paradox’ state (i.e. large electrical and little or no mechanical 
response to stimulation at low frequency of one motor axon, and the converse 
response to the second axon). 

4. It is suggested that the electrical changes are related to membrane 
changes or movements of ‘minor’ (perhaps Ca®+) ions which are more signi- 
ficant in initiating contraction than the electrical potential change itself. 

_. 5. It is suggested that the inhibitory transmitter substances act directly 
on these more significant events when they cause mechanical inhibition; the 
potential change which may occur is incidental. 

6. The great variety of neuromuscular mechanisms encountered in crusta- 
ceans is the result of the paucity of motor nerve cells. Elaboration of peri- 
pheral mechanisms has formed a means by which in part the evolution of 
motor function in crustaceans has been achieved. 
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Heating of the whole body by immersion in water for short periods (Vernon, 
1924) or of a limb by application of hot fomentations (Hall, Schamp, Brown 
& Davis, 1944; Hall, Munoz & Fitch, 1947) has been shown to reduce the 
strength and duration of voluntary rhythmic and sustained contractions. 
More recently, Nukada & Miiller (1955) and Nukada (1955) showed that when 
a limb was immersed for a short period in water ranging from 10 to 40° C 
(rhythmic contractions) and from 20 to 40° C (sustained contractions) the 


_ duration of contractions to fatigue steadily increased from the higher to the 


lower water temperatures. These experiments on human subjects have led all 
these observers to the conclusion that the influence of temperature on the 
performance of muscular contraction is due to alterations in the proportion of 
blood flowing through the muscle and the skin of the exercised limb. 


The possibility that the temperature of the muscle might be associated with — 


the duration or strength of contraction has been dismissed by these workers, 
but the evidence of Ellis & Beckett (1954) and Hadju (1951) casts some doubt 
on the validity of such a conclusion. Working with isolated muscle preparations, 
they showed that both strength and duration of contractions, in the absence 


of a blood supply, depend on muscle temperatures. 


Lind & Samueloff (1957) measured in man the duration of successive sus- 


tained contractions when the interval between the contractions was varied 


and when the arm was kept in water at 18 or 34° C throughout the experiment. 
They found that contractions were always longer in water at 18° C when the 
interval between contractions was 20 or 40 min. _ 3 

The present experiments were designed to discover (a) whether there was 
a further deterioration in muscular performance when the forearm was heated 
in water above 34° C, and (6) if further improvement occurred in the strength 
and duration of contractions when the water was cooler than 18° C. Blood 
flow, muscle temperatures and action potentials were measured on the exercised 
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limb in an attempt to explain the changes of muscular performance with 
temperature. Some of the results have already been briefly reported (Clarke, 
Hellon & Lind, 1957a, 6). 


METHODS 


The sustained contractions were made on a simple hand-grip dynamometer illustrated in Fig. 1. 
The finger grip was connected through a universal joint to a mild steel bar 1-5 om thick. Two 
- strain gauges (each 500 0) were cemented to this bar and formed two arms of a conventional 
Wheatstone bridge, imbalance of which produced deflexion on a spot galvanometer. The strain 
gauges were fixed to the upper part of the bar to keep them out of the water. The dynamometer 
was attached to a stand mounted on castors, to ensure that only flexor muscles were involved in 
producing the required tension. The arm was held so that an angle of 90° was maintained between 
upper arm and forearm. 


—Strain gauge 


ir 


Fig. 1. Diagrammatic representation of the hand-grip strain-gauge dynamometer. 


Four healthy young men trained in the use of the dynamometer acted as subjects. At the start 
of each experiment the subject immersed his forearm in the water-bath and immediately made 
_ two brief (<3 sec) maximal contractions: 1/3 of the mean of these contractions became the target 
tension for the subsequent sustained contractions. The arm remained in the bath throughout 
each experiment, and after 30 min immersion the first of five successive contractions to fatigue 
_ Was made. Twenty minutes rest was allowed between contractions so that the later contractions 
_ Would not be affected by the early period of recovery associated with post-exercise hyperaemia, 
in which the effects of temperature are known to be absent or obscured (Lind & Samueloff, 1957). 
Each subject monitored his own performance on the galvanometer. No subject performed more 
than one experiment in any 24 hr period. The end point of a contraction was taken to be the 
moment when the required tension could no longer be maintained. Although discomfort was ex- 
perienced during the latter part of some contractions this did not affect the end point, which was 
__ Sudden and well defined. Several trial experiments were necessary before the subjects could per- 
_ fevere to this end point, but once they had become accustomed to continue the contractions 
- despite the discomfort, the duration of contractions in water at a given temperature was 
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consistently repeatable. The coefficient of variation for experiments repeated in water at the 
same temperatures was 3-90%. 

The temperature of the water during each experiment was maintained constant to +0-5° C and 
care was taken to provide vigorous stirring of the water over the forearm to ensure maximum heat 
exchange. Water-bath temperatures of 2, 10, 14, 18, 26, 34 and 42°C were used, in random order. 

Blood flow in the forearm was measured with a mercury-in-rubber strain gauge plethysmo- 
graph (Whitney, 1953} placed 6 cm above the mid position along the forearm to record from the 
part of the arm which shows the greatest change in blood flow after exercise (Clarke & Hellon, 
1957). A cuff round the wrist was inflated to 200 mm Hg 1 min before measuring the blood flow. 
Records of flow were taken at the rate of 4/min during the 2 min immediately before each con- 
traction. Five seconds after the end of the contraction recording was restarted and blood flows 
were measured for a further 5 min. Although the flow had not always returned to the resting level 
by this time, it was thought desirable to release the wrist cuff to readmit blood to the hand, 
since only 20 min was allowed between each contraction. In cases where blood flow did not 
return to the previous resting level within 5 min, the values minus the mean initial level were 
plotted on semi-logarithmic paper against time in minutes and the resulting straight line 
extrapolated to zero (i.e. the mean initial level). The area under this curve was taken to be the 
hyperaemic response in ml./100 ml. tissue in that region of the forearm. In some experiments the 
recording of blood flow was continued during the contractions. 

Muscle temperature was measured approximately midway between the skin and the centre of 
the forearm, using a thermocouple of 40 s.w.c. copper-constantan wire. The thermocouple, in a 
22 gauge hypodermic needle, was inserted obliquely for about 4 cm in a distal direction 
into the brachioradialis muscle at the elbow. The needle was then withdrawn, leaving the 
thermocouple in situ at a vertical depth from the skin of about 2cm. The oblique insertion 
prevented kinking of the wire or discomfort during the contractions. Readings were taken 
from the thermocouple every minute except during the contraction and for 5 min after the 
contraction, when readings were taken every 15 sec. When subcutaneous temperatures were 
recorded the thermocouple was inserted parallel to the skin by a similar technique, to a vertical 
depth of 1-2 mm. Great care was taken to avoid placing the subcutaneous thermocouple in the 
muscle or close to a blood vessel. Checks were made of the siting of these thermocouples by 
X-ray photography. Also, the temperature gradient vertically to a depth of 4 cm (i.e. to about 
halfway through the arm) through the brachio-radialis muscle just below the elbow was measured 
after the forearm had been immersed for 30 min in water at 2, 10, 18 and 26°C. Control experi- 
ments were carried out at each stage of the present series of experiments to ensure that neither the 
arterial and venous cuffs used in the measurement of blood flow nor the presence of the thermo- 
couples affected in any way the duration of the sustained contractions. 

Action potentials were recorded by means of silver suction electrodes placed over the superficial 
flexor muscles of the forearm. The potentials were amplified, rectified and integrated electronically, 


' and displayed on two Dekatron scaling units connected by a two-way switch to the input. 


Calibration showed that the integrator counts were identical with each other and were propor- 
tional to the input voltage over the range used. The time constant of the amplifier was 0-2 sec; 
this ensured that low frequencies which can occur with the onset of muscular fatigue would not — 
be excluded. 

The arm was withdrawn from the water to perform contractions from which action potentials 
were recorded because of the difficulty of insulating the electrodes under water. During contrac- 
tions the arm was lightly wrapped in cotton-wool to minimize heat exchanges. Results were 
obtained from two subjects when the muscle temperatures were 35, 27 and 20° C, the integrated 
count being measured every 10 sec during the contraction using the integrating units alternately 
through the two-way switch. 

Precautions were taken to avoid general body heating or cooling. Oral temperatures taken every 
10 min throughout each experiment did not vary greatly (+0-4° C). Unless otherwise stated, the 
term ‘muscle temperature’ in this paper refers to the temperature measured half way between 


_ the skin and the centre of the arm. 
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RESULTS 
Water temperature and duration of sustained contractions 
_ Fig. 2. shows the duration of the first of the five successive sustained con- 
tractions made at each temperature of the water. Only the first of the five 


contractions is shown, for the sake of simplicity; the curve for the first 
contraction was similar in shape to that for any of the five contractions (see 


+ ubject] Arm diameter 
+ (mm)! 
4 
200 
3 
E 100 
+ 


40 20 30 40 
Bath temperature (°C) 
Fig. 2. Showing the individual (symbols) and mean (O—O) durations of the first of five sclesteb 
sustained contractions in water at seven temperatures. The diameter of the forearm of each 
subject, taken 6 cm above the mid position of the forearm, is shown inset. 


Fig. 3), and showed the same peak. The curve showing the mean ‘eciicn 
of contractions revealed that the optimum water temperature for sustained 
 ¢ontractions was 18°C. Higher or lower water temperatures resulted in a 
marked reduction in the duration of the contractions. 

The individual results showed that while all the subjects displayed similar 
performances, there were differences. It is clear from Fig. 2 that for the two 
subjects with the thinnest forearms their first sustained contractions were 
longest in water at a temperature of 18° C, while for the other two subjects the 
longest sustained contractions occurred when their arms were immersed in 
~ water at 14°C. It seemed likely from this that there might be a critical 
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muscle temperature for the maximum duration of a sustained contraction and 
that subjects with thinner arms reached this critical muscle temperature after 
their forearms had been immersed in water at 18° C for 30 min. Subjects with 
thicker arms, however, would require to immerse their forearms for the same 
length of time in cooler water to achieve a similar muscle temperature—in 
this case in water at 14° C. 


R.H. 


Duration of sustained contractions (sec) | 
T 


ee Successive sustained contractions to fatigue 
Fig. 3. The duration, for each subject, of the five successive sustained contractions in water at 
each of the six temperatures. The symbols represent observations obtained when the water 
was 10° C (+), 14° C (O), 18° C (@), 26° C (x), 34° C (A) and 42°C (()). Results in water 
at 2° C are not shown, since only one contraction was completed at this temperature. 


_ Fig. 3 shows the duration of the five successive sustained contractions at 
each water temperature for each of the four subjects. The pattern of response 
was similar for all subjects. When the water temperature was 18° C or above, 
the duration of the sustained contractions fell from the initial value to a steady 
level for the last two or three contractions. The duration both of the first 
and of the later sustained contractions shown in these curves appeared to be 
a function of the water temperature. 


At water temperatures lower than 18° C there were slight individual dif- 


ferences which again appeared to be associated with the forearm diameter. 
The initial contractions of subjects R.C. and R.H. were shorter in water at 
14 than at 18°C. In addition, the duration of successive sustained contrac- 
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tions for these subjects fell steadily throughout the experiment in water at 
14 and 10° C. Subject A.L., who had a thicker forearm than these two sub- 
jects, showed the same steady fall in the duration of successive sustained con- 
tractions in water at these temperatures even though the duration of the initial 
contraction in water at 14° C was slightly longer than that in water at 18° C. 
Subject D.L. had the thickest forearm of the four subjects and showed his 
best performance for all five contractions when his arm was immersed in water 
at 14°C, but the duration of his sustained contractions fell steadily in water at 
10° C. 

In water at 2° C only the first of the five contractions was completed, since 
all the subjects came near to fainting about 5 min after the end of the con- 
traction. This appeared to be caused by the pain due to the arterial occlusion 
of the hand in such cold water. 


Muscle temperatures and duration of sustained contractions 

_ Fig. 4 shows the mean muscle temperature for two subjects at each tem- 
_ perature of the water. During the first 30 min the muscle temperature fell or 
rose smoothly, depending on the temperature of the water. After the first 
sustained contraction the muscle temperature rose sharply in water at all 
temperatures, except in water at 42° C where it fell steeply. These changes of 
temperature were presumably due to the post-exereise hyperaemia, the in- 
coming blood heating the muscle except in water at 42° C, where the tempera- 
ture of the incoming blood was lower than that of the muscle. This change of 
TMmuscle temperature due to the hyperaemia reached a peak about 5 min after 
the end of the contraction and thereafter the muscle temperature fell (or in 
water at 42°C, rose) owing to heat exchange with the water. This cyclic 
procedure occurred after each contraction. 

It is evident from Fig. 4 that when the temperature of the water was 18° C 
or higher, all five contractions in any one experiment were made when the 
muscle temperature was about the same as that at which the first contraction 
occurred. The rise or fall of muscle temperature due to the hyperaemia was 
_ balanced by the subsequent cooling or heating of the muscle in the interval 
between contractions. This was not so when the arm was immersed in water 
at 14 or 10° C, where the rise in muscle temperature due to the hyperaemia 
was outweighed by the convective cooling from the water, so that successive. 
_ sustained contractions were made with a steadily falling muscle temperature. 
_ The over-all pattern of muscle temperature at which each contraction was 


made was very similar to the pattern (shown in Fig. 3) of the duration of 


contractions in water at the six temperatures. The duration of the last three 
 eontractions fell progressively in water at 14 or 10° C and it was only in these 
| Water-baths that muscle temperature continued to fall. These observations 
also suggest mes there is a critical range of muscle —* for the 
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performance of sustained contractions. The changes of muscle temperature 
during the contractions themselves were variable from individual to individual 
but customarily rose only slightly (not more than 1° C). 

Fig. 5 shows the temperature gradients obtained by inserting the thermo- 
couple, vertically to the skin, through the brachio-radialis muscle after 
30 min immersion in water at 2, 10, 14, 18 and 26°C. The temperature 


38 42°C | 
34°C 
3 
341 
28 
= 
10°C 
18 °C 


30 60 
Time (min) : 


Fig. 4. Muscle temperatures, measured half way between the skin ‘and the centre of the forearm in 
the seven water temperatures. The contractions are represented by the solid blocks associated 
with each curve. Each curve is the mean of results obtained from two subjects. 


gradient from the subcutaneous area towards the middle of the forearm 
(i.e. from 0-5 to 3-5 cm) is approximately linear. Comparison of these results 
with those shown in Fig. 4 confirms that the vertical depth of the obliquely 
inserted thermocouples used during contractions was about 2cm from the 
skin. | 

Fig. 6 shows the duration of the sustained contractions plotted against 
muscle temperature. The curve depicting the muscle temperature at which the 
first contraction is made is separate from the other curves at all points, since 
the duration of the first sustained contraction was always greater than sub- 
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sequent contractions (see Fig. 3). Similarly, the curve showing the muscle 
temperature at which the second contraction was made tends to be separated 
from subsequent contractions, The optimal muscle temperature for all sus- 
tained contractions was between 25 and 29° C, measured at a vertical depth of 
20m from the skin. The last three contractions were all fitted by a single 
curve. At muscle temperatures of 27° C and above the duration of the last 


Muscle temperature (°C) 


26°C 
18°C 
10°C 
5 
§ 200+ 
§ 100; 
é 


1 2 3 4 5 20 25 mB 40 
Depth from skin (cm) Muscle temperature (°C) 
Fig. 5 Wed 


Fig. 5. Temperature gradients measured vertically from the skin through the forearm after it had 
been immersed in water at 2, 10, 18 and 26° C for 30 min. 


Fig. 6. The average duration of the five sustained contractions at recorded muscle temperatures. 
The upper curve represents the first contraction, the intermediate curve the second contrac- 
_ tion, while the third, fourth and fifth contractions are all represented by the lower curve. 


three contractions remained constant, as did muscle temperature. With 
muscle temperatures below 27°C (observed in water at 14, 10 and 2° C) 
Successive sustained contractions were made with steadily falling muscle 
temperature; the duration of these contractions also fell and the curve is 
therefore drawn through points scattered over a wide range. These results 
again support the conclusion that muscle tonipeciaine is associated with 
duration of sustained contractions. 


Muscle temperature and short maximal contractions 
A possible hypothesis for the duration of contractions falling at muscle 
- temperatures lower than 27° C is that there is some interference either with 
__ the neuromuscular transmission or in the ability of the muscle itself to con- 
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tract. In order to test this hypothesis experiments were carried out on the 
ability of the muscle to produce maximum tensions before and after immersion 
of the forearm for 30 min in water at various temperatures. Each of the four 
subjects made three short (<5 sec) maximum contractions in 1 min at the 
start of the experiment. After the arm had been immersed in water for 30 min 
a similar series of three maximum contractions was made. The results are 
shown in Fig. 7. It is clear that the subjects were able to exert the same or 


S 


Percentage of initial maximum 
3 


0 10 20 0 
Water-bath temperature (°C) 


Fig. 7. The individual (symbols as in Fig. 2) and average (O—O) maxima) tensions, expressed 
as a percentage of initial maximum tension, recorded after the forearm had been immersed 
in water at each of the seven temperatures for 30 min. 


nearly the same tension after 30 min immersion in water at 18° C or above, 
but that in water cooler than this the maximum tension exerted fell consider- ? 
ably to a value of some 40% in water at 2° C. 


Relevance of subcutaneous temperatures to sustained contractions 


From the foregoing experiments it seems clear that the muscle temperature 
is associated with the duration of sustained contractions. This belief was re- 
jected by Nukada & Miiller (1955), and it remains possible that the results 
obtained here might be explained by their hypothesis that the partition of 
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blood between subcutaneous areas and the muscle, or even that the tempera- 
ture of the subcutaneous area can influence the duration of contractions. 

It is possible to affect the subcutaneous and muscle temperatures dif- 
ferentially by immersion of the forearm in hot and then in cold water, or vice 
versa; in this way, the subcutaneous temperature (and presumably the skin 
blood flow) can be altered much faster than the temperature of the muscles. 
Table 1 shows the results obtained by such experiments. The first two sub- 
jects immersed their arms in cold water until the muscle temperature was 
~ below the optimal muscle temperature for sustained contractions. The arm 


Taste 1. Showing the duration of sustained contractions obtained after the muscle and sub- 
cutaneous temperatures had been dissociated from their normal relationships by sudden 
changes of temperature of the water in which the forearm was immersed. The subcutaneous 
and muscle temperatures were measured at the start of each contraction and the resting 
forearm blood flow in water at each temperature. Also shown are the predictions of the 
duration of each contraction, assuming that muscle temperature alone or subcutaneous 
temperature alone affected this 


Duration of 
sustained 
Temperature at contraction (sec) 
Forearm start of contraction , A s 
blood A Predicted 
Water flow Subcu- A 
temp. (ml./100 ml. taneous Muscle Sub- 

Subject (° tissue/min) (° C) (°C) cutaneous Muscle Observed 
A.L. 12-42 2-5— 7-5 37-6 25-5 184 285 290 
DL. 10-45 2-5-13-0 39-8 25-1 122 237 247 
R.C. 45-11 39-0-16-0 20-0 36-6 356 190 188 
R.H, 45-10 19-0-10-5 23-0 35-5 323 186 184 


~ was quickly transferred to hot water and the contraction was made when 
_ the muscle temperature was about 25°C, at which time the subcutaneous 
temperature was much higher. Estimates were made of the length of time 
the arm should maintain the contraction assuming that. it was affected by 
(1) muscle temperature only, or (2) subcutaneous temperature alone (the 
assumption may be made that subcutaneous temperature affects skin blood 
flow). These estimates were based on the results of previous experiments where 
the duration of sustained contractions and the muscle and subcutaneous 
temperatures were known. The final column of the table shows the actual 
duration of the contraction, which can be seen to be similar to that predicted 
assuming that the muscle temperature only was associated with the duration. 
Prediction of the duration based on subcutaneous temperatures was grossly 
inaccurate. Conversely, the other two subjects first placed their arms in hot 
_ Water and when the muscle temperature had been raised the arm was trans- 
ferred to a cold bath. The contraction was made when the muscle temperature 

_ Was much higher than the optimal temperature, with a subcutaneous tem- 
_ perature similar to that obtained in water at 18°C. Once again the actual 

duration of the contractions appeared to be dependent only on muscle tem- 
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perature. Blood flows were taken for several minutes before leaving the first 
water-bath and again before the contraction was made in the second water- 
bath. It is clear that there was a considerable difference in blood flow through 
the forearm in the two water-baths for any given subject, and this probably 
represents variation in skin circulation. 


2—26°C 


Hyperaemic response (ml./100 mil.) 


0 50 100 150 200 250 300 
Duration of contraction (sec) es 


Fig. 8. The mean hyperaemic responses for four subjects after sustained contractions in water 
at seven different temperatures: water temperatures were (°C) 2 A, 10 x, 14@, 180, 
26 O, 34 A and 42 +. 


Blood-flow measurements 


The mean post-exercise hyperaemicresponses for the four subjects at different 
water temperatures are shown in Fig. 8. The results were similar for each 
subject with exceptions which are noted below. There appeared to be an 
approximately linear relationship between the duration of sustained contrac- 
tion and the hyperaemic response at each temperature of the bath. All the 
results at water temperatures from 2 to 26°C have been reasonably well 
fitted by a single line. Those obtained from water at 34° C lie along a separate 
and steeper line, while at 42° C this difference was even more marked. These 
findings indicate that at bath temperatures above 26°C the hyperaemic 
response for a given duration of contraction increases with temperature. One 
subject failed to show this increase at 34° C, and one other subject produced 
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similar hyperaemic responses in water at 34 and 42°C which were higher 
than at lower bath temperatures. 

Blood-flow records were obtained on only three of the four subjects during 
the progress of contractions. The changes in blood flow in excess of the pre- 
ceding resting level are plotted in Fig. 9. All the subjects showed a slight 


Forearm blood flow (ml./100 ml./min) 


Minutes 

_ Fig. 9. Forearm blood flow measured during the performance of sustained contractions in three 
subjects when their forearms were immersed in water at different temperatures (records are 
missing for subject D.L. in water at 26°C). Water temperatures were (°C) 14 x, 18m, 
26 O, 34 A and 42 ©. . 


_ increase in flow on starting the contraction, but no pronounced change as the 
contraction proceeded in water at temperatures from 14 to 26° C. Two of the 
subjects showed an increase in blood flow during the contraction in water at 

34° C, and all three showed an increase at 42°C. Although not so clear-cut, 
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these results obtained in the course of the contractions appeared to be affected 
by temperature in much the same way as were the post-exercise hyperaemias 


(Fig. 8). 
Electromyographic recordings 
If the reduction of both maximal tension and duration of sustained con- 
tractions at muscle temperatures lower than 27° C is due to the failure of some 
of the more superficial fibres to contract owing to cooling, this ought to be 
readily demonstrable by electromyography. A reduction in the number of 
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Fig. 10. Typical integrated muscle action potentials recorded throughout sustained 
contractions at three muscle temperatures. 

active fibres ought then to provide a smaller integrated action potential count 
at the termination of the contraction than would be found at muscle tempera- 
tures of 27°C and above. Fig. 10 shows typical results obtained from one 
subject, with muscle temperatures of 35, 27 and 20° C. The integrated action 
potentials when the muscle temperature was 27° C rose slightly during the 
first half of the contraction, after which they increased rapidly to a maximum 
of about three times the initial value at the termination of the contraction. 
This pattern is similar to that described by Edwards & Lippold (1956) in 
sustained contractions of leg muscles. 

When the muscle temperature was 35°C the action potential curve was 
similar to that found at 27°C except that the increase of electrical activity 
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began earlier. But when the muscle temperature was 20° C the integrated 
count increased soon after the start of the contraction and rose at the end of the 
contraction to a peak of activity only twice that of the initial value, only half 
way between the difference of initial and final ——* with muscle — 
tures of 27 and 35° C. 
DISCUSSION 

The results from these experiments show that after the arm has been immersed 
in water for 30 min the optimal water temperature for maintaining sustained 
contractions is 18° C. This corresponds to a muscle temperature of 25-29° C, 
some 6~-10° C lower than that found in the normal, resting, clothed forearm 
(Barcroft & Edholm, 1946). With muscle temperatures higher or lower than 
this critical range, the duration of the sustained contractions is shorter. Before © 
discussing possible reasons for this effect of temperature on the duration of 
sustained contractions, some other features of the results require consideration. 
_ Although the muscle temperatures shown in Fig. 4 were taken midway 

between the skin and the centre of the forearm, they ought not to be con- 
sidered as average forearm muscle temperatures. Fig. 5 shows that a large 
vertical temperature gradient exists through the arm, and the temperature of 
the deeper tissues will vary according to the thickness of the arm at any given 
point along the forearm. It may well be that a gradient also exists along the 
longitudinal axis of the arm. In terms of function of muscle fibres it cannot be 
assumed that the activity of cooler parts of the muscle balances that of the 
warmer parts, a point which is discussed below. 

In caloulating the extent of the post-exercise hyperaemia, it has been as- 
sumed that little or no increase in skin blood flow occurs during or after the 
_ exercise and that the hyperaemic response is confined to the vascular bed of 
the muscles. Evidence that this is so with limbs at, or below, normal tempera- 
ture has been provided by Grant & Pearson (1938), Cooper, Randall & Hertz- 

- man (1951) and Coles & Cooper (1957); there is no comparable evidence on 
_ the hyperaemic response in water at 42°C, but the very slight increase in 
muscle temperature during the contraction and the fall in temperature during 


\ the post-exercise hyperaemia make it improbable that the skin circulation is 
_. increased by the conduction of heat from the underlying muscles. 


__ The blood flow through the forearm was not decreased during the course of 
- acontraction; on the contrary, in water at 34 and 42° C there was generally a 
_ slow increase of blood flow. This agrees with Grant’s (1938) findings that there 
_ is a slight increase in blood flow during a ‘strong hand grasp’. Barcroft 
_ & Millen (1939) investigated blood flow during sustained contractions of the 
5 calf muscles and concluded that muscle blood flow was suppressed at a tension 
between 10 and 20% of the maximum. This is a considerably smaller per- 
centage than the present tension of 33% of the maximum, where a hyperaemia 
existed, Differences in muscle size and leverage may account for some of this 
30 ‘PHYSIO. OXLIII 
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discrepancy, but probably the greatest part of it is due to different methods of 
establishing maximum tension. 

Our results do not support the hypothesis postulated by Nukada & Miiller 
(1955) who suggested that heating the arm diverted blood from the muscle to 
the skin, thus placing the muscle at a disadvantage in a subsequent contrac- 
tion. Table 1 shows that when the arm is transferred from cold to hot water 
and vice versa the blood flow through the arm israpidly affected. These changes 
almost certainly occur largely in the skin vessels. The duration of sustained 
contractions, observed when the muscle and subcutaneous temperatures (and 
presumably, blood flows) were thus dissociated from their normal relation- 
ship, strongly suggests that it is the muscle temperature alone which is 
associated with the duration of the sustained contraction and that the tempera- 
ture of the subcutaneous tissue or of the skin or the blood flow through 
the skin vessels plays little or no part in determining the duration of sustained 
contractions. 

Merton (1954a) has shown that the muscular fatigue in man, produced by a 
sustained contraction, is not associated with the failure of the neuromuscular 
junction. He found that action potentials over the muscle did not diminish 
during fatigue and he concluded that the fatigue occurred solely in the muscle. 
Naess & Storm-Mathisen (1955), who performed similar experiments, agreed - 
with Merton that fatigue was entirely peripheral, but they found a reduction of 
the action potentials over the muscle and concluded that in some subjects at 
least the neuromuscular junction may be the limiting factor in fatigue. In 
the present experiments, where only local temperatures in the forearm were 
altered, the effects of different muscle temperatures on the duration of sus- 
tained contractions must also be peripheral. Presumably muscular fatigue 
_ may be induced by (1) accumulation of one or more metabolites in the muscle 
substance, (2) failure to renew at an adequate rate the materials necessary for 
contraction, (3) failure of the neuromuscular junction, or by a combination of 
these possibilities. 

It is generally assumed that although the metabolic factors cause the hyper- 
aemia following muscular exercise, the causative agent is, as yet, unknown 
(cf. Hilton, 1953). Local anoxia is unlikely to be the hyperaemic agent (Love, 
1955). Clearly the metabolites must accumulate during the contraction, to be 
removed during the subsequent period of hyperaemia. The work of Dornhorst & 
Whelan (1953) and of Patterson & Shepherd (1954) suggests that the substance 
or substances concerned is only removed slowly, at a rate which is unaffected 
by blood flow when the latter is above a certain low level. For the purposes 
of this discussion the assumption is made that the metabolite accumulating 
during a contraction to cause the ensuing hyperaemia is the same as, or closely 
associated with, the substance which accumulates and is responsible for the 
_ failure of the muscles at the end of the contraction. It would appear then 
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~ from the results in Figs. 8 and 9 that the rate of accumulation of metabolites is 


increased with bath temperature where this is above 18° C, so that the dura- 
tion of the contraction becomes shorter and the subsequent hyperaemic 
response becomes greater for a given duration of contraction. The effect of 
temperature on the hyperaemia is not linear, and this is shown more clearly in 
Fig. 11 where the hyperaemic responses at muscle temperatures of 27° C 
and above are plotted after contractions of 90 sec duration. The hyperaemic 
response increases rapidly above a muscle temperature of about 30° C. 

It is clear from Figs. 2 and 7 that the fall in duration of sustained contrac- 
tions is not associated with reduction in the ability of the muscles to exert 
maximum tension when the temperature is 27° C or more. On this evidence, 


response (mi./100 mi.) 
= 


| 
7 30 35 37 


Muscle temperature (°C) 


Fig. 11. The post-exercise hyperaemia measured at muscle temperatures from 
27 to 39° C after contractions of 90 sec duration. Data taken from Fig. 8. 


- together with the increase of hyperaemic responses with increasing tempera- 
ture of the water it may be postulated that the reduction in the duration of 


contractions with increasing bath temperature above 18° C is due to a more 


rapid accumulation of metabolites. as the temperature increases. This agrees 


with the findings of Abramson, Kahn, Tuck, Turman, Rejal & Fleischer 


_ (1957) who found a higher rate of metabolism, with rising temperature, in 
human muscles, 


There is no reason to believe that there is any other basic reason for lations 


_ at lower temperatures. If the same metabolic agent is responsible for fatigue 
- at lower muscle temperatures then it would be expected that as the muscle 
temperature is reduced below 27° C, the duration of the sustained contractions 
_ would not be lowered. But since the duration of contractions falls abruptly 
with musele temperatures lower than 27°C, we must postulate the existence 

_ of some other factor responsible for this fall in duration. 
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The fall in duration’ of sustained contractions with water temperatures 
below 18° C is paralleled by the fall in maximum tension which the muscle 
can. exert (Figs. 2 and 7). Metabolic factors are unlikely to play any part in 
the differences observed in maximum contractions. This suggested that with 
cooling there might be a failure of the transmission of nerve impulses, or of the 
neuromuscular junction or even of the muscle substance itself. 

‘The effect of low temperature on nervous transmission is complex fie. 
Whitteridge, 1948; Brooks, Koizumi & Malcolm, 1955; Douglas & Malcolm, 
1955), but the balance of evidence suggests that the rate of conduction of 
impulses is slowed and the size of the action potential is reduced at tempera- 
tures below about 20°C. Nerve block appears to occur at temperatures of 
10° C and below. The muscle temperatures shown in Fig. 3 are only representa- 
tive temperatures for the whole muscle and Fig. 4 shows that there is a 
considerable temperature gradient through the muscle at cooler water tempera- 
tures, the areas nearer the skin falling several degrees lower than the 
representative temperatures. It is clear that a considerable proportion of the 
muscle was at a temperature lower than 20° C when in water at 14, 10 and 
2° C. Greater or lesser degrees of modification of the nervous transmission 
would be present in such conditions, which might account for the fall in 
duration of sustained contractions. 

The integrated potentials recorded showed that at muscle temperatures of 
27 and 35° C the electrical activity at the end of the contraction was similar, 


but with muscle temperature of 20° C the activity at the end of the contraction 


was much lower. This supports the belief that some fibres are inactive in 
cooler parts of the muscle at such temperatures. 

The production of acetylcholine i¥ ganglia is affected both by the rate of 
stimulation and temperature (Brown, 1954; Kostial & Vouk, 1956). Cooling 
below 20° C causes a large reduction in the production of acetylcholine. If a 
similar reduction occurred at the motor end-plate, a reduction i in the duration 
of sustained contractions would be expected. 

Cooling of nerves also results in asynchrony of impulses, since the rate of 
conduction along cooled nerves varies according to the size of the fibres. 
While Merton (19545) has shown that asynchrony of motor impulses leads to 
a reduction in the size of a muscle twitch, he has also shown that rapid tetanus 
of ‘desynchronised volleys’ does not differ, except initially, from one made up 
of synchronous volleys. Thus asynchrony of nerve volleys due to cooling is 
unlikely to explain the fall in duration of contraction. 

There is no reason to suppose that cooling affects the ability of the muscle 
itself to contract. The evidence of Weber & Portzhel (1954) is that mammalian 
muscle retains its ability to contract to full tension, or nearly 80, whet it is 
cooled to temperatures well below those described here. 

The most reasonable interpretation of our results is that minsosilas: fatigue 
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is caused basically by a limiting accumulation of metabolites. The rate of 
production of metabolites is reduced with lower temperatures, so that fatigue — 
is induced more slowly as the temperature falls. This causes a marked increase 
~ of the duration of “sustained contractions to fatigue’ from muscle temperatures 
of 39-27° C. At muscle temperatures below 25°C we postulate that an 
increasing number of muscle fibres, from the outer surface inwards, become 
inoperative owing to interference with nervous or neuromuscular transmission. 
Thus the tension required to be maintained by any subject in such conditions 
would have to be made with fewer active units, so that fatigue would occur 
more quickly. Also, the maximum tension which the muscles could exert would 
be reduced with cooling of the muscle. Such a concept readily explains the 
results obtained. 

SUMMARY 

1. The duration of submaximal contractions held to the point of fatigue 
was measured for four subjects after they had immersed their forearms for 
30 min in water at temperatures between 2 and 42° C. 

2. Contractions were longest after the arm had been immersed in water at 
18°C, above and below which temperature of the water the duration was 
_ shorter. Immersion of the forearm in water at 18° C for 30 min resulted in a 

muscle temperature of about 27° C measured half way between the skin and 
the centre of the forearm. 
- 3. The maximum tension that could be haistid after immersion of the 
forearm for 30 min was the same as the initial value in water at 18° C or more; 
in water at temperatures below 18° C the tension that could be exerted fell 
sharply with falling bath (and muscle) temperature, to a value of some 40% 
(of the maximum) in water at 2° C. 

4. The post-exercise hyperaemic response was greater for a given duration 
of contraction in water at 34 and 42° C than at lower temperatures. The rate 
of blood flow through the muscle during contractions also increased Py a 
greater amount when the water temperature was higher. 

5. Integrated muscle action potentials showed that at the termination of 
_ the contraction there was no difference in electrical activity over the muscle 
when its temperature was 27 or 35° C; when it was reduced to 20° C there was 
considerably less-electrical activity at the end of the contraction. 

_ 6. The implications of these results have been discussed. It is considered 
: likely that as muscle temperature increases above 27° C the rate of metabolism 
- increases and results in the earlier accumulation of metabolites so as to cause 


] fatigue; at muscle temperatures below 27° C a proportion of the more super- 


_ ficial muscle fibres do not contract, as a result of interference in nervous or 
_ heuromuscular transmission due to cooling. 


are indebted to Messrs D, E. Lee and E. 8. 
_ our thanks are also due to Mr Lee for his activities, at no small discomfort, as a subject. — 
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EFFECTS OF DRUGS ON DEPOLARIZED PLAIN MUSCLE 
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It has been briefly reported (Evans & Schild, 1957) that mammalian plain 
muscle retains its ability to contract in response to drugs when suspended in 
Ringer’s solution in which the sodium ions have been replaced by potassium 
ions. This observation suggested that drugs can affect the contractile elements 
of plain muscle by a mechanism which is not mediated by membrane depolari- 
zation. Since it is generally considered that a membrane potential change is an 
essential step in setting off the contractile process both in striated (Huxley, 
1957) and smooth (Csapo, 1954) muscle, these findings were considered to 
warrant further study. In this paper the effects upon their reactions to drugs 
of immersing smooth muscles in ‘potassium-Ringer’ are now described more 
fully, and their responses to electrical and to mechanical stimulation are also 
reported. To test whether smooth muscle cells are in fact completely depolar- 
ized by the external application of potassium, membrane potentials have 
been recorded with intracellular micro-electrodes. | | 


METHODS 


Isolated plain-muscle preparations were used from chick amnion, rat uterus, guinea-pig ileum, 
longitudinal strip of cat intestine and retractor of the byssus of Mytilus. The chick amnion prepara- 
tions were obtained on the 12th-15th day of incubation. Thin threads were tied through the 
cranial and caudal ends of the amniotic membrane, which was then cut out and suspended as a 
strip ina bath. Rat uteri were obtained from animals which had received an injection of 0-1 mg/ 
kg stilboestrol on the previous day. The longitudinal strip of cat intestine was prepared as 
described by Evans & Schild (1953). : 

Normal ‘NaCl-Ringer’ solution of the following percentage composition was used: NaCl0-9, KCl 
0-042, CaCl, 0-012 (MgCl, 0-02), NaHCO, 0-03, glucose 0-1. In the ‘potassium-Ringer’ solutions _ 
NaHCO, was replaced by KHCO, 0-36, and NaCl was replaced as follows: In ‘KCl-Ringer’, by 
KCI 1-25; in ‘K,80,-Ringer’ by K,SO, 2-2; in ‘K,SO,-Na,S0,-Ringer’ by K,80, 1-38 + Na,SO, 
(anhyd.) 0-82. The concentration of K,SO, in ‘K,SO,-Ringer’ was computed from Landolt- 
Bornstein tables to be equi-osmotic with 0-9 NaCl. Since this gives an excess of extracellular 
potassium ions we used the ‘K,SO,-Na,SO,’ solution in some iments with un results. 
MgCl, was used only in the later experiments. ree “aia 


4 
oy 
> 
4 
a 
a 
vg 
ag 
= 
Z 
% 
4 
2 


DRUGS ON DEPOLARIZED PLAIN MUSCLE . 475 

The temperature was controlled by means of a jacketed isolated-organ bath. For isotonic 
recording light frontal-writing levers were used. For recording tension a spring was used con- 
sisting of a flat steel strip. The deflexion of the spring was recorded either through a linear dif- 
ferential transformer and ink recorder (Evershed & Vignoles Ltd.) or simply by attaching a light 
lever to the spring and recording on a smoked drum. The shortening due to deflexion of the spring 
was about 5% of the greatest isotonic shortening. At the beginning of each tension recording the 
muscle was gently stretched until a definite tension increment was seen to occur; the stretch was 
then slightly diminished to give zero tension. 

For electrical stimulation a spindle-shaped bath was used having circular platinum-black 
at 1-15 V/cm. 

The resting membrane potential of the amnion was recorded by conventional capillary micro- 
electrodes filled with 3m-KCl. A freshly dissected chick amnion preparation of 11-13 days of 
age was mounted in a transparent Perspex dish and the preparation was viewed with a binocular 
dissection microscope. Attempts were made to insert the tip of the micro-electrode in those regions 
of the preparation in which, as described by Pierce (1933), smooth muscle fibres could be observed 
to radiate from discrete foci. The temperature of the bath was kept at 25-30° C and oxygenation 
was effected by intermittent bubbling of a 95% 0,-5% CO, gas mixture through the fluid. 


RESULTS 
Effects on smooth muscle of immersion in ‘ potassium-Ringer’ 

When a smooth muscle preparation is placed in Ringer’s solution in which 
the NaCl has been completely replaced by KCl or K,SO, it contracts immedi- 
ately, but the contraction is not maintained. The shortening remains maximal 
for a few seconds and is followed by relaxation, although the preparation 
remains immersed in the potassium solution. This initial contraction and the 
subsequent relaxation in potassium-Ringer has been observed in smooth- 
muscle preparations of chick amnion, rat uterus, separated strips of cat | 
ileum longitudinal muscle, guinea-pig and rabbit ileum and in the retractor 
of the byssus of Mytilus. 

The extent of both the contraction and relaxation, but particularly of the 
relaxation, depends on the temperature. As shown in Fig. 1 for the rat uterus 
the extent of contraction is decreased, and that of relaxation increased, by 
lowering the bath temperature. At 35° C the contraction was near maximum | 
and was followed by only a small and transient relaxation. At lower tempera- 
_ tures the contraction became progressively less and the relaxation more 
complete. 

Rhythmic activity invariably disappeared when smooth muscle prepara- 
tions were immersed in potassium-Ringer. This occurred over the whole 
range of temperatures (9-38° C) at which the investigations were carried out. 


Resting membrane potential of smooth muscle cells in potassium-Ringer 
The purpose of these experiments was to investigate the changes in mem- 
brane potential of smooth muscle when the preparation was transferred from 
sodium- to potassium-Ringer. Of the various muscle preparations used, the 
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chick amnion proved to be the most suitable for intracellular recording. The _ 
amnion also has the advantage of being a thin sheet of smooth muscle and 
endothelial cells in which diffusion equilibrium can be expected to be rapidly 
reached. 


| min 
Fig. 1. Rat uterus. Isotonic recording. At the arrows NaCl-Ringer was replaced by K,80,- 
Ringer. Consecutive records at about 30 min intervals with intervening 5°C drops in 
temperature. Note increase in relaxation phase at lower temperatures. 


1 
NaCl-Ringer 


1,2 
10 
K,SO,-Ringer sec 


Fig. 2. Intracellular recordings from isolated chick amnion in NaCl-Ringer (a) and K,S0,- 
Ringer (>); negative deflexion downward; records read from right to left. 


In experiments on seven preparations membrane potentials could be 
recorded from amnions immersed in sodium-Ringer. In about 40% of at- — 
tempts (57 successes out of 138 attempts) membrane potentials of 30-70 mV 
were recorded. As a criterion of an intracellular insertion a sudden negative 
_ potential change was taken, which persisted, and reverted to zero upon with- 

drawal of the micro-electrode (Fig. 2a). In K,SO,-Ringer it was not possible 
to record any definite resting potentials although in some instances the prod- 
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ding with the micro-electrode gave rise to positive or negative potentials, 
presumably due to resistance changes at the tip of the electrode (Fig. 25). 

As an illustration of the procedure used, in one of the experiments in 
- sodium-Ringer, ten resting potentials (negative inside) were recorded out of 
nineteen trials with a mean of 5144 (s.z.) mV. After changing to potassium- 
Ringer definite membrane potentials could not be recorded in sixteen trials. 
In another experiment no membrane potentials were recorded in the course 
of thirteen trials in potassium-Ringer, but after reverting to sodium-Ringer 
resting potentials were recorded in ten out of thirty-one trials with a mean of 
(s.5.) mV. 


Effects of stimulant as on depolarized smooth muscle 

All the smooth-muscle preparations tested, with the exception of the Mytilus 
muscle, contracted in response to acetylcholine after immersion in potassium 
Ringer. The contractions were sustained as long as the acetylcholine re- 
mained in the bath and were fully reversible when the drug was removed. They 
were graded according to dose and could be obtained repeatedly over a period 
_ of several hours without deterioration. They were best seen in preparations 
which had relaxed to a considerable extent in potassium-Ringer, either spon- 
_ taneously or after the administration of isoprenaline (isopropylnoradrenaline). 

Examples of graded acetylcholine contractions as recorded with an isotonic 
lever in preparations suspended in potassium-Ringer solutions are shown in 
Figs. 3 and 4. In the experiment of Fig. 3 on a chick amnion preparation 
_ graded responses were recorded in sodium-Ringer and at a later stage very 
_ similar responses were obtained in potassium-Ringer. The record in Fig. 4 
shows the contractions of a longitudinal muscle strip of cat intestine. In this — 
case graded, acetylcholine-induced, contractions were first recorded in potas- 
sium-Ringer and afterwards in sodium-Ringer. The main difference between _ 
the two records is the raised base line in the potassium solution, but the 
range of effective concentrations of acetylcholine in the two solutions is the 
same, 

The contractions secavaed by acetylcholine in potassium-Ringer were 
always slow and sustained. Preparations such as the rat uterus and chick 
amnion, which normally respond to acetylcholine with a series of rapid inter- 
mittent contractions, gave only a slow type of response, usually of less ampli- 
tude, in potassium-Ringer. When these preparations were tested at low tem- 
peratures, below about 28° C, they gave slow responses even in sodium-Ringer 
and in that case the general character of the response in the two solutions was 
similar. 

Fig. 5 shows the tension developed by the rat uterus immersed in K,SO,- 
Ringer after application of graded doses of acetylcholine. It is seen that 
graded responses were obtained both in sodium- and in poteiahier Ringer but 
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Mg: 3. Contractions of chick amnion (12 days old) to Geevicholine; 
isotonic recording at 32° C. 


KCl-Ringer r—NaCl-Ringer— 


Fig. 4. Acetylcholine-induced contractions of longitudinal muscle strip of cat intestine; 
isotonic recording. 


Fig. 5. Rat uterus at 20°C; tension. . Concentration of ACh, A=10-%, B=2x10-, . 
D=10+, B=2x 107, Pa4x 10-7, @=10- replaced the bath fluid at (|); 
this was replaced by fresh bath fluid at (+). Between the two records the uterus was . 
immersed for 1 hr in K,80,-Ringer. 
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that the maximum tension developed in the presence of acetylcholine in 
potassium solution was only about half that in sodium. On the other hand, the 
threshold for acetylcholine is lowered. Both these effects are illustrated in 
Fig. 6 which represents the average of five experiments. With low concentra- 
tions of acetylcholine greater tensions are developed in potassium-Ringer, 
whereas with high concentrations the reverse is true. Both the lowering of 
threshold and reduction in tension are reversible, i.e. when the preparation 
is transferred back to sodium-Ringer the threshold rises and the maximum | 
tension returns to its normal values. 


4 and 
NaCl-Ringer 


— 60+ 
6 | 

K,SO,-Ringer 
20+ | 
4078 1077 1076 1075 


Acetylcholine 
Fig. 6. Rat uterus at 20° C. Tensions produced by acetylcholine in NaCl-Ringer and in K,S0,- 


Ringer. Each point represents the mean of five experiments. The tensions are expressed as 
percentages of the maximum tension produced by acetylcholine in NaCl-Ringer. — , 


It. seemed possible that the diminished tension response to acetylcholine in 
potassium solution could be due to a reduced initial length of the smooth- 
muscle preparation, To test this point experiments were made in which the 
initial length of the preparation (rat uterus at 20°.C) was restored by the use 
of isoprenaline. Table 1 shows that although the maximal tension in potas- 
sium-Ringer is reduced when the initial length is shorter, the tension in 
_ potassium solution does not exceed about 50% of that in sodium solution 
even when the preparation is relaxed to its normal length. 

Fig. 7 shows that 25 min after immersion in potassium-Ringer the seat 
_ choline effect becomes stabilized and does not change further. That no 
_ irreversible change has been produced is apparent from the fact that the 
tension response returns to normal after replacing in sodium-Ringer. 

Graded and reversible contractions of various smooth-muscle preparations 
in potassium-Ringer were also obtained with histamine, 5-hydroxytrypt- 
amine and oxytocin. The drug responses were generally reduced as compared 
- with those in normal Ringer’s solution, but were clearly demonstrable. The 
_ 5-hydroxytryptamine response of the rat uterus was particularly reduced, 
_ an indication that this may largely be a conducted response. Fig. 8 shows 
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contractions of the rat uterus in K,SO,-Ringer in response to posterior fC 


pituitary extract, acetylcholine and 5-hydroxytryptamine, and Fig. 11 corre- 
sponding histamine effects in the guinea-pig ileum preparation. 


Tasix 1. Effects of maximum doses of acetylcholine on the length (¢) and tension (#) of the rat 
uterus immersed in K,SO,-Ringer at 20° C. The results obtained in five experiments before 
and after relaxation of the preparation by isoprenaline are shown, The values are expresssed 
as percentages of the corresponding measurements obtained in NaCl-Ringer 

3 t t t l t l t 


After isoprenaline 96 56 100 42 9 49 100 4 100 4 
K,SO,-Ringer 
100f- 
© 

sob % NaCl-Ringer 
o° @ 

L j j 

50 100 

Time (min) 


Fig. 7. Rat uterus at 20° C, showing the eect of time on tension produced by the same 
dose of acetylcholine in K,80,- and in NaCl-Ringer. 


Inhibitory drugs and antagonists 

Isoprenaline, which is a potent smooth-muscle relaxing drug, retains its 
inhibitory effect in depolarized preparations (rat uterus and chick amnion). 
Fig. 9 shows a complete relaxation to base line by isoprenaline (10-*) of a rat 
uterus preparation which had been made to contract by immersion in K,SO,- 
Ringer. After washing with potassium-Ringer the preparation remained 
relaxed, but it contracted again when acetylcholine was added to the bath. 
It was repeatedly observed that the relaxation produced by isoprenaline in 
potassium-Ringer was maintained even after the drug had been washed out. 
The inhibitory effect of isoprenaline was most marked for 10-20 min after 
the immersion of the smooth muscle in potassium-Ringer and gradually 
diminished after longer immersion. 

Antagonistic drugs also retain their activity in potassium-Ringer. Prepara- 
tions which are contracted by acetylcholine are relaxed by atropine, as is 
shown for the chick amnion in Fig. 10. The specificity of drug antagonists is 
also maintained as shown by the observation that antihistamine drugs prevent 
the stimulant effect of histamine but not that of acetylcholine (see Fig. 11). 


43 
ont 
| 
| 
4 j 
3 
| 
| 
aa 
Vi 
Ay 
Re 
x 


DRUGS ON DEPOLARIZED PLAIN MUSCLE 481 


N 
K,SO,-Ringer  __J 
“Ringer 10 


Pit. 
0-05 ujmi 10-7 min 
Fig. 8 Fig. 9 
Fig. 8. Rat uterus in K,SO,-Ringer; isotonic recording. pitaltary extract, 
acetylcholine and 5-hydroxytryptamine. 
Fig. 9. Rat uterus at 30° C; isotonic recording. Effects of isoprenaline and acetylcholine in 
| K,SO,-Ringer. At W the isoprenaline was washed out. 


KCl-Ringer 
1 


ACh Atr. 10°" 


Fig. 10. Chick amnion at 32° C; isotonic recording. Slight stretches were applied intermittently 
to the preparation. Atropine was added to the bath without removing the acetylcholine. 


| 
fet 
ae 
a 
a 
4 
‘ 
fz 
A 
“aly = 
Pie. 
: 
4 
= 
ig 
is 
| 
3 
+f 
24 
x 
3 
4 
f 
= 


482 D. H. L. EVANS, H. 0. SCHILD. AND S. THESLEFF 


Fig. 11. Gainer Gente! in K,SO,-Ringer at 24°C; isotonic recording. The horizontal line 
represents the base line in NaCl-Ringer. Three doses of histamine (5 x 10") are followed by a 
dose of mepyramine, M (2x 10-*), which produces a relaxation. In the presence of mepyr- 
amine a further dose of histamine is ineffective but a dose of acetylcholine (10~*) is effective. . 


: Mechanical and electrical stimulation | 
.. Evans & Schild (unpublished observuiions) have found that the nerve- 
free chick amnion preparation when suspended in sodium-Ringer responds to 
a. local pinch by a transient generalized contraction, which presumably 
represents a conducted response of plain muscle (Prosser & Rafferty, 1956) 
since the chick amnion contains no nerves or ganglion cells. This contraction in 
response to pinch disappears in potassium-Ringer and reappears when the 
potassium is replaced by sodium as shown in Fig. 12. : 
The contraction produced by electrical stimulation of smooth muscle is 
greatly reduced or abolished in potassium solution although a large increase in 
the strength of the electrical stimulus may still produce a contraction. As 
is shown in Fig. 13 the response of a rat uterus to electrical stimulation is re- 


versibly abolished in A Satu while the contraction ca by 
acetylcholine is maintained. 


DISCUSSION 


It has been shown that smooth-muscle preparations immersed in isotonic 
_ potassium-Ringer solutions can still contract and relax in response to drugs, 
and can develop considerable tensions though less than in normal Ringer’s 
solution. The responses to electrical stimulation are greatly reduced and the _ 
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OR 


Fig. 12. Chick amnion (12 days old) at 30° C; isotonic recording. Contractions due to crushing 
edge of preparation with forceps, P, compared with contractions due to acetylcholine 
(2x 10-5), Reversible abolition in KCl-Ringer of the contraction produced by the local 
crush injury. 


Ringer 
Fig. 13. Rat uterus at 30° C; isotonic recording. Contractions due to electrical stimulation, 
E (8 V/cm, 0-5 sec) and acetylcholine (10-*). 
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conducted responses to an applied mechanical stimulus are abolished. Our 
results thus confirm the general view that conducted responses do not occur 
in depolarized structures. 

The present experiments were carried out in potassium chloride or potas- 
sium sulphate solutions, The former probably does not completely abolish 
the membrane potential of smooth muscle (Burnstock & Straub, 1958) but 
the latter, judging from the experiments with direct intracellular recording, 
seems to produce a complete depolarization of the smooth muscle cells. It 
should be mentioned, however, that our method does not make it possible to 
exclude completely the presence of a small residual membrane potential even 
in the potassium sulphate solution. 

There is strong, though not entirely conclusive, evidence that the activa- 
tion of the contractile elements in striated muscle is linked to membrane 
depolarization. This evidence is based on the findings that striated muscle 
contracts when immersed in potassium solutions, that contractions occur at 
the cathode of an electric current and that, if a contraction is produced by the 
local application of a drug (Kuffler, 1946) to the surface of a striated muscle 
fibre, this is accompanied by membrane depolarization. In smooth muscle, 
tension development is also accompanied by depolarization of the muscle 
membrane (Biilbring, 1955). 

The present experiments suggest that a contraction in smooth muscle may 
be produced by an alternative mechanism to membrane depolarization. 


Although our results do not provide any new explanation for the mechanism 


by which drugs contract plain muscle, they are open to a number of interpreta- 
tions. The following mechanisms can be envisaged, to explain the continued 
effectiveness of drugs in depolarized plain muscle. 

(1) The activation of the contractile elements may be brought about by a 
substance or ion which is released by the drug from the cell membrane. 

_ (2) Drugs may produce a permeability change in the depolarized smooth 
muscle membrane just as acetylcholine produces an increase in membrane 
permeability in the depolarized motor end-plate (del Castillo & Katz, 1955). 
The permeability change may cause diffusion of some substance through the 
membrane which directly or indirectly activates contraction. 

_ (3) The permeability change may produce a membrane potential change, 
even though the cell membrane is depolarized. 
(4) Drugs may act directly on the contractile elements. It would then have 


to be assumed that even large molecules such as oxytocin or quaternary — 


_ substances such as acetylcholine can penetrate through the cell membrane. 
These hypotheses are all speculative but some at least could be experi- 


mentally tested. For example, it might be possible to record changes in 


membrane resistance and membrane potential of smooth muscle cells in 
potassium solutions. 
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SUMMARY 


1. Smooth muscle preparations immersed in Ringer’ s solutions in which 
sodium is replaced by potassium retain their responsiveness to 

2. When immersed in potassium-Ringer (KCl or K,S0,) the muscle 
preparations contract and subsequently relax. 

8. Membrane potentials of smooth muscle cells (chick amnion) were re- 
corded with intracellular micro-electrodes in sodium-Ringer, but none could 
be recorded after transferring the preparation to K,SO,-Ringer. 

4, When smooth muscle preparations have relaxed in potassium solutions 
they contract in response to acetylcholine and relax again when the drug is 
removed. In the rat uterus the threshold concentration of acetylcholine is if 
anything lowered, but the maximum tension is only half the normal. 

5. Smooth muscle stimulant drugs such as histamine, 5-hydroxytryptamine 
and oxytocin, inhibitory drugs such as isoprenaline, and drug antagonists 
such as atropine and mepyramine retain their activity in potassium-Ringer. 

6. Responses to electrical stimulation are greatly reduced in potassium- 
Ringer and the conducted response to a mechanical stimulus is abolished. 

7. The results suggest that drugs may, without the mediation of membrane 
depolarization, activate the contractile elements of plain muscle. 
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THE ANTAGONISM BETWEEN Ca AND Na IONS © 
ON THE FROG’S HEART 


By H. C. LUTTGAU* anp R. NIEDERGERKE 
From the Department of Biophysics, University College London 


(Received 1 April 1958) 


It is well known that replacement of part of the sodium chloride in Ringer’s 
fluid with an osmotically equivalent quantity of sucrose has an effect on the 
frog’s heart which is similar to that of an excess of calcium (Daly & Clark, 
1921); in both cases the strength of the beat increases in a striking way. 
Wilbrandt & Koller (1948) found that these effects are quantitatively related 
in that the contractile tension is determined by the ratio of the Ca concentra- 
tion to the square of the Na concentration in Ringer’s fluid. This observation 
has recently been confirmed and extended (Niedergerke & Liittgau, 1957). 
For example, it was found that heart tissue, depolarized by KCl-rich solutions, 
can be made to contract and relax, respectively, by reducing and increasing 
the proportion of Na in the surrounding medium. Moreover, relaxation seems 
to be brought about specifically by the addition of Na ions since other cations 
like Li or choline, if used to replace Na, sustained or initiated contracture. 
These findings could be explained on the assumption that Ca and Na ions 
compete for some negatively charged substance, probably located near the 
cell surface, which controls the contractile process. 

The aim of the present work was to obtain detailed information on this 
antagonism between Na and Ca, in the hope of finding thereby some clue to 
the mode of activation of the contractile system. 


METHODS 


Solutions. The normal Ringer’s fluid consisted of: (mm) NaCl 117, CaCl, 2, KHCO, 2. NaCl could 
be replaced isomotically by equal volume parts of any of the following solutions: 210m sucrose ; 
117 mm-KCl; 115 mm-LiCl; 82 mm-MgCl,; Tris Cl (132 mm tris hydroxymethyl than 


titrated with HCl to a pH of 7-2); 125 mm choline chloride. When choline chloride was used, the 
strip was equilibrated with atropine sulphate in concentrations of up to 10-m in order to counter- 
varied between 0-1 and 4 mm by addition of solid CaCl,. | 


* Present address: Physiologisches Institut, University of Berne, Switzerland. 
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. Tension recording. Strips were dissected from ventricles of the heart of Rana temporaria and 
suspended vertically in a chamber of methylmethacrylate polymer. A constant stream of O, 
passed through the Ringer’s fluid contained in this chamber. Isometric tensions of propagated 
contractions or of KCl contractures were measured with a transducer valve (RCA 5734; for details 
see Niedergerke, 19564, 5). If, in addition to tension, surface potentials were recorded, relatively 
large strips (diameter 1 mm or more, length up to 20 mm) were chosen, as they gave more reliable 
potential records than smaller strips. On the other hand, small strips with diameter of less than 
0-5 mm and a length of about 5 mm were preferred when only tensions were recorded, since it 
was important to reduce the time required for diffusion from the bath to the interstitial spaces. 

Simultaneous recording of monophasic action potentials and isometric contractions. The following 
procedure proved the most successful in obtaining reliable records over a period of up to 30 min. 
Strips were immersed in Ringer’s fluid, exposing to air only the upper part of about 3-4 mm 
which was ‘narcotized’ by covering it with a small piece of tissue paper soaked in Mg-rich solu- 
tion (containing MgCl, 68 mm, NaCl 24mm). Shortly before recording the tissue paper was 
removed and the ‘narcotized’ part of the strip blotted with filter paper. The bath was then lowered 
by about 4-8 mm to the ‘recording position’, and kept at this level by a suction tube. Records 
were taken after waiting 10-20 sec to allow fluid to drain off the strip. Only one or two records at 
a time were obtained in this position; between records the original fluid level was restored. The 
‘recording position’ was chosen in a region of the strip well separated from the narcotized end 
in which small shifts of fluid level had little effect on the size of the action potential. Controls 
showed that the amount of MgCl, released into the bath during the procedures was too small to 
have any effects on either action potential or contraction. — 

Recording of depolarization during KCl contractures. This resembled a procedure described 
_ earlier (Niedergerke, 19565; Fig. 5). Potentials were recorded from a region exposed to air, 
between the upper end of the strip and one of two alternative bath levels. The upper bath level 
was used only during the first 20 sec, whereas for the rest of the contracture time the bath was 
drained to the lower level. In this way the junction between Ringer’s and KCl-rich fluids on the 
_ strip was, for most of the time, in air and separated from the recording level; this has the advan- 
tage that recording is independent of small movements of tissue through the fluid surface caused 
by contraction, or relaxation, in the lower portion of the strip. Repolarization after re-immersion 
in Ringer’s fluid was only recorded at intervals between which the whole strip was immersed in 
Ringer’s fluid; this procedure served to avoid an artifact discussed previously (Niedergerke, 
1956). 

Membrane potentials were determined with micro-electrodes of conventional type (Ling & 
Gerard, 1949). Consistent results were more difficult to obtain with heart strips than with the 
frog’s sartorius muscle (compare also Ware, Bennett & McIntyre, 1957), presumably because of 
the small diameter of the fibres in the frog’s heart (2-104, Marceau, 1904), A more elaborate 
procedure proved necessary. During trial insertions only few electrodes were found to be suitable, 
a large proportion (more than 80%) being rejected (though they had been satisfactory on the frog’s 
sartorius). Even with these selected electrodes ‘good’ insertions, i.e. those showing a character- 
istic sharp drop in potential on penetrating a cell membrane, were not very frequent. More often 
small unstable potentials appeared, and only after lowering the electrode further did these poten- 
tials attain a larger and stable value. The criteria for successful insertions were: (a) the potential 
remained stable for about 10 sec or longer, and (6) it did not increase further with small perpen- 
dicular movements of the electrode. To obtain a potential value 7-10 successful insertions were 
made with a standard deviation of 4 mV or less. 

Sensitivity towards calciwm. The sensitivity of heart strips to changes in external Ca concentra- 
tions, as tested by isometric tensions, differed from one preparation to another. For example, the 
Ca concentration required for a maximum twitch varied from as little as 2 mm to more than 5 my. 
These differences are perhaps related to metabolic changes as is suggested by the observation that 

frogs from the same batch had different sensitivities if kept either at room temperature or in the 
_ refrigerator (the sensitivity was lower in the latter condition). As a consequence, the sensitivity 


cy 
ah 
d 
a 
og 
5 
» 
ig 
4 
49 
¥ 


488 H. OC. LUTTGAU AND R. NIEDERGERKE 

of a preparation towards Ca had to be determined at the beginning of an experiment, so as to find 
the ‘useful’ range of Ca concentrations in which contractions are most drastically affected by 
ionic changes. 


RESULTS 
Evidence of caleium—sodium antagonism on the propagated twitch 

The relationship between the action of Ca and Na ions on contractile strength 
was studied by measuring the twitch tensions of strips in equilibrium with 
Ringer’s fluid containing various amounts of these ions. Experiments were 
started about an hour after dissection; this rest period allowed cut fibre ends 
to ‘heal over’ (Engelmann, 1875) and was also used to determine the sensi- 
tivity of heart strips towards calcium. A typical experiment whose results 
are shown in Fig. 1 was conducted as follows: First, twitches were recorded 
in Ringer’s fluid at a fairly high Ca concentration (within the ‘Ca-sensitive’ 
range). Twitches were then reduced by decreasing the Ca concentration in 
the fluid; keeping the Ca concentration at this lower level, the twitch tension 
was then raised again by replacing fractions (25, 50, 75%) of the NaCl by 
isotonic sucrose. This series was repeated with different concentrations of Ca. 
The resulting peak tensions have been plotted in Fig. 1 as a function of the 
Ca concentration. In order to test Wilbrandt & Koller’s quantitative formula 
for the Ca—Na antagonism, the following procedure has been adopted. A 
smooth curve was drawn through the points obtained with 100% NaCl. If 
tension is constant for any given value of [Ca*+]:[Nat]*, then the other curves 
can be constructed from this reference curve altering the horizontal scale by 
a factor of 9/16, 1/4 and 1/16 for 75, 50 and 25% Na, respectively. The | 
- agreement between the experimental results and the curves so derived is 
clearly satisfactory. The tension did not depend on the order in which the 
strip was equilibrated; similar results to those shown in Fig. 1 could be 
obtained, for example, when Ca and Na concentrations were altered simul- 
taneously. Some precautions were, however, always taken, namely (a) in 
alternating recording at low and relatively high Ca concentrations so as to 
avoid long exposure to Ca-depleted fluids, and (6) in making measurements 
after a constant period of equilibration in the test fluids (this period was 10- 
20 min, depending on the diameter of the strip). 

It has already been reported (Niedergerke & Liittgau, 1957) that twitch 
tensions can also be made to increase when the NaCl of Ringer’s fluid is 
partially replaced by other chlorides such as LiCl, choline chloride (in the 
presence of atropine) and Tris chloride. In the experiment illustrated by Fig. 2 
the substitution of NaCl by LiCl has been examined more closely. In order 
to compare the effect of LiCl with that of sucrose as a substitute for NaCl, the 
results of Fig. 2 have been plotted in the same way as those of Fig. 1 and 
curves constructed on the same assumptions. It is clear that peak tensions 
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25% Na SO%Na 75% Na 100%Na 
200+ ® 50% 75 % Na 100 % Na 


| 


Peak tension (mg) 


mm-Ca2+ 
: Fig. 1 Fig. 2 

Fig. 1. Effect of diminished NaCl on twitch tension. Maximum twitch tension of a heart strip 
equilibrated with various compositions of Ringer’s fluid plotted against Ca*+ concentrations 
at four different NaCl concentrations (NaCl of Ringer’s fluid is replaced by osmotically 
equivalent sucrose). ‘Reference curve’ at 100% NaCl is drawn empieeny; curves at 75, 
50 and 25% NaCl have been constructed from the ‘reference curve’, assuming peak tensions 
to be constant. at given values of the [Ca*+]:[Nat} ratio. Frequency of stimulation a apes; 
diameter of strip 0-35 mm. 

‘Wig. 2. Effect on twitch beninion of substituting Li for Ne ions. Results have been plotted in the 
same way as those of Fig. 1. Theoretical curves for Na concentrations of 75, 50 and 25% 
are drawn as thin lines outside the region in which they fit the results. Frequency of stimula- 
tion 2/min; diameter of strip: 0-55 mm. 
than that of strip used in expt. of Fig. 1.) 
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& | 
| | 
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Fig. 3. Diagram showing the conditions of experiments in Figs. 4 and 5, where it is seen that 
LiCl (in substitution for NaCl) causes either facilitation or depression of twitches. In both 
cases 50% NaCl was replaced by LiCl giving rise to facilitation at 1 mm-Ca and depression 
at 4mm-Ca. (Sensitivity towards Ca is lower than in the expt. of Fig. 2.) 
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can approximately be fitted to the constructed curves with moderate replace- 
ments of NaCl by LiCl; but the fit becomes progressively worse and tensions 
even decline with a combination of more extensive substitutions of LiCl for 
NaCl and high Ca concentrations. The effect of choline as a substitute for Na 
(in the presence of 0-1 mm atropine sulphate) has been tested with a procedure 
similar to that of the experiments illustrated in Figs. 1 and 2. It was found that 
tension values fitted the theoretical curves satisfactorily with 75 and 50% 
Na concentrations but deviated in the same way as those in Fig. 2 with 
25% Na. When Tris was substituted for Na, tension also increased, but this 
effect could only be determined with small amounts of Tris up to 25% re- 
placement of Na, since greater concentrations reversibly abolished the action 
potential. 

A puzzling feature of Fig. 2 is that LiCl as a substitute of NaCl may facili- 
tate the twitch tension in one range and depress the tension in another range 
of concentrations (see also diagram of Fig. 3). Some light was thrown on these 
changes by a closer inspection of the shape of the isometric twitches and action 
potentials. Fig. 4 shows the records during facilitation. After application of 
the Li-rich fluid, twitches gradually build up in strength (records b-e), and 
this is associated with an increase in the initial rate of tension rise while there — 
is no appreciable change in contraction time. At the same time action 
potentials, though much less affected, show a gradual diminution in the 
height of their plateau. The reversibility of these changes is shown in records 
f-h. The initial rate of rise in twitch tension gives a reasonable measure of the 
degree of ‘contractility’ (Niedergerke, 1956a), and the result apparently means 
that the contractility itself is increased, quite independently of changes in 
height or duration of the action potential whose relatively small changes are 
in the opposite direction. It is of interest that the increased twitch tensions 
with sucrose or choline chloride as substitutes for NaCl were also found to be 
associated with an increased initial rate of tension rise. 

The depression of twitches by Li is shown in Fig. 5. Twitches which at the 
beginning of the experiment (record a) are of nearly maximal tension decline 
abruptly when the Li-rich fluid is applied. This decline is associated with a 
considerable reduction in the duration of the action potential, in the height 
of its plateau, and to a lesser extent, of its initial peak (record 6). It is seen 
(records ¢ and d) that potentials and twitches recover fully when NaCl is 
resubstituted. Record e, in which twitches of records a, b and ¢ are photo- 
graphically superimposed, shows that the decline in tension goes hand in — 
hand with a reduction of the contraction time, while the initial rate of rise in 
tension remains practically unaltered. The results suggest that the depression 
is caused by a decrease in the duration, and possibly also in the height of the 
action potential, which in turn affects the duration though not the initial 

—, of the contractile state. Hence, the facilitating effect of Li on the 
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contractile state, shown in Fig. 4, is apparently obscured at higher Ca con- 
centrations a8 a consequence of a depressed action potential. As a general 
conclusion. it appears that reducing Na ions increases contractility, since 
this is the common factor when NaC! is replaced by either sucrose, LiCl or 
choline Cl. | 


Although the results suggest that substitution of Na ions by other cations facilitates contraction 
simply by a depletion of Na, it is conceivable that the presence of Li or choline ions by itself 
increases tension. To test this possiblity, 57 mm-LiCl or 60 mm choline chloride, the latter in the - 
presence of 0-1 mM atropine sulphate, was added as solid to a 1 mm-Ca Ringer’s fluid. A moderate 


Fig. 4. Facilitation of twitch tension due to replacing 50% Na by Li ions at constant 1 mm-Ca 
concentration, Rate of stimulation: 2 shocks/min. Record a with Ringer's fluid shortly be-— 
fore; record 6 90, c 240, d 420 and ¢ 480 sec after application of the ‘50% Na+50% Li’ 
Ringer’s fluid. Immediately after taking record ¢ original fluid was reapplied; records 
f 90, g 150 and h 390 sec later. Diameter of strip, 1-1 mm (upstrokes of action potentials 
retouched); time marker, 0-2 sec. : 
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increase in twitch tension occurred, but this was equal to, or less than, a similar effect due to the 
addition of osmotically equivalent sucrose (105 mm), suggesting that in this case tension was 
raised as a result of an increased osmotic pressure, as described by Hajdu (1953). 


Contracture experiments 
In order to overcome the complications which arise from variations in the 
size of the action potential it is desirable to study contractile tension when the 
excitable membrane has been depolarized in a more easily controlled manner. 


Fig. 5. Depression Of Switen tension ue to replacement of 50% Na by Li at 3 mm-Ca. Rate of 
stimulation 2 shocks/min. Record a with Ringer's fluid shortly before applying the ‘50% 
Na +50% Li’ Ringer’s fluid; record 6 100 sec after application of ‘50% Na + 50% Li’ Ringer’s 
fluid and shortly before changing back to the original Ringer’s fluid; c 100 and d 240 sec after 


reapplication of normal Ringer’s fluid; oe 
b and c. Time marker, 0-2 sec. 


For this purpose depolarizing K-rich solutions were used to produce contrac- 
tures, and the effect on the tension of replacing NaCl by different substances 
was studied at different ‘pre-set’ membrane potentials. 

The specificity of the effect of Na ions. The first point of interest was to see 
whether a change in Na concentration affects contracture tension qualitatively — 
in the same way as twitch tension. This has already been shown to be the case 
_ when replacing NaCl by sucrose and Tris Cl (Niedergerke & Liittgau, 1957). 
With the experiment illustrated in Fig. 6 the effect was studied by using several 
other cations in substitution for Na. Contractures were elicited, at constant 
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Ca concentration (0:4 mm), with a Ringer’s fluid of which half the NaCl 
(58 mm) was replaced by KCl, the other half by the test solute. Thus the strip 
remained in an isotonic medium throughout the experiment. It is seen that 
contracture is small and transient in the presence of Na ions, but large and 
sustained when NaCl is replaced by either sucrose (records b and g), LiCl: 
(record ce), KCl (record d), Tris Cl (record e) or MgCl, (record f). It is not yet 


Fig. 6. Specificity of the relaxing effect of Na ions, Tracings of tension records taken, successively 
from above, at intervals of 30 min. Stimulus frequency during intervals between contrac- 
tures, 2/min, Contractures elicited with isotonic solutions containing 58 mm-KCl and either 
58 mm-NaCl or its osmotic equivalent of sucrose, LiCl, KCI, Tris Cl, MgCl,, and again sucrose. 
To avoid irreversible effects due to prolonged exposure to the reduced Ca concentration, the 
strip was equilibrated with 0-4 mm-Ca Ringer only for 7 min before contracture (during the 
first 23 min of the interval between contractures, strip was immersed in 2 mm-Ca Ringer). — 
Diameter of strip, 0-3 mm; m=mechanical artifacts marking withdrawal of KCl-rich 
solutions from the bath; time marker 10 sec. 


possible to decide whether the various substitutes for NaCl differ in their 
effectiveness to elicit and sustain tension. However, such differences as may 
exist are probably small, for the tension records b-g differ only slightly, con- 
sidering that the height of the contracture slowly declined as this experiment 
went on (compare record b with g). The fact that the initial rise in tension is 


/ 
4 
0-4 mM-Ca, 
04 mM-Ca 50% KCI 04 mM-Ca a 
Ringer Ringer 
' 100 mg q 
a 
50 % sucrose m : 
b 
4 
50% LiCl 
50% KCI 3 
d m 
e 50 % Tris Cl 
3 
f 50% MgCl, 
g 50 % sucrose 4 
: 
Ag 
& 
« 


494 H. C. LUTTGAU AND R. NIEDERGERKE 


steeper when Na was replaced by K (record d) than in the other cases has 
probably a simple explanation, in that depolarization, and thereby initial 
contraction, is quicker and somewhat larger with 100 than with 50 mm-KCl. 
Although the outcome of this experiment supports the conclusion that lowering 
the Na concentration enhances contractility, the evidence is not complete, for 
it still remains to be shown that the large tension responses in Na-free solu- 
tions are not due to an increased depolarization under these conditions. _ 
Na-concentration and depolarization. The case of replacement of Na by 
Li ions is examined in Fig. 7. Tensien and depolarization during two contrac- 
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Fig. 7. Diminished Na concentration does not enhance tension by enhancing depolarization. 
Upper traces, i, tensions; lower traces, ii, externally recorded depolarizations. Record a, 
contracture with Ringer's fluid containing additional 100 mm-KCl; record 6 with Li-Ringer 
containing additional 50 mm-KCl (solution is with 164 mm-LiCl isotonic to that used for 
record a); h, potential step due to draining bath from upper to lower recording level; p, 
periods of intermittent potential recording separated by intervals during which strip was 
entirely submerged in Ringer’s fluid (see also Niedergerke, 1956 in conjunction with Mig. 5). 
Diameter of strip 0-95 mm; time marker 10 sec. 


Fig. 8. Contracture tensions at varying values of [Ca**]:[Nat}* ratio. Contractures elicited by 
modified Ringer’s solution containing constant additional 100 mm-KCl but varying values 
of [Ca**]:[Na+}* ratio. The Ca concentration was varied between 0-06 and 4 mm and the Na 
concentration from 100 to 25% (NaCl being replaced by sucrose). Values obtained with NaCl 
100% @, 75% 0, 50% @, 25% ©. Upper curve =peak tension of contractures; lower 
curve =tension at a steady level. Interval of equilibration between contractures was con- 
stant 30 min, — which strip was stimulated at a rate of 5/min. 
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tures have been recorded when a strip was depolarized either by adding 


100 mm-KCl to normal Ringer’s fluid (record a) or by adding 50 mu-KCl to a 


-_Na-free but Li-rich solution (record 6). In the Li-rich solution the smaller 


depolarization produces a large and sustained tension, while the larger 


- depolarization in the presence of Na is associated with a weak and rather 
transient tension response. Clearly, the tension increase in the Na-deficient 
medium cannot be ascribed to an additional depolarization. Further evidence 
jn support of this view will be described below. 


Contracture tension as a function of the ratio [Ca**]:[Nat+]*. Having found 


that. Na ions reduce contractile tension of twitches and contractures in a 
similar way, it was of interest to examine whether the quantitative Ca—-Na 
antagonism seen in twitch experiments can be detected with contractures. 
In the experiment of Fig. 8 contracture tensions were determined when a strip 
equilibrated with various concentrations of Ca and Na ions was depolarized by 
adding 100 mm-KCl. Since contractures attain a maximum value only tran- 
_ giently (e.g. Fig. 7a), unless fluids of very low Na concentrations are used, two 
tension levels were determined: (a) the peak tension which developed in this 


experiment during the first 20-30 sec, and (b) steady tensions after 2 min. 
The strip was equilibrated to the test solution by soaking it before each con- 
tracture during three consecutive 10 min periods (1) in 2 mm-Ca Ringer’s 
fluid, (2) in Ringer’s fluid of normal Na and the test Ca concentrations, and 
(3) in Ringer’s fluid with both the-test Ca and Na concentrations. Tensions 
have been plotted in Fig. 8 against the ratio [Ca*+]:[Nat}* of the Ca and Na 


_ concentrations of the test fluids. If the contracture response behaved like the 


twitch, then all values should lie on a single curve. This is seen to hold approxi- 
mately for both peak and steady contracture tension. 

In three experiments the effects of replacing fractions of NaCl by either 
sucrose or LiCl] have been compared when strips were depolarized, at constant 
Ca concentrations, by 100 mm-KCl. The two main results were: (1) con- 
tractures in these two cases had similar height and time course, confirming the 
twitch experiments (Figs. 2, 4) in showing that LiCl and sucrose, when sub- 
stituted for NaCl, increase contractility in a similar way; (2) however, unlike 
the twitch response, contractures did not decline in a range of large Ca and 
Li concentrations. This supports the explanation already offered, namely, 


. { that the decline of the twitch, under these conditions, was a consequence of a 
_ reduced and shortened action potential. Contractures with the Li substitu- 


. tion were usually somewhat smaller than those with sucrose substitution. 


More experiments would be needed to show whether this difference (up to 
20°) is significant, as it was not always observed and usually amounted to 
less than 10% of the peak tensions, which is within our range of experimental 
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Relationship between tension and membrane potential at varying 


Na concentrations 


An important result of the previous section is that a change in Na concentra- 
tions affects contracture tension in some way other than by altering depolar- 
ization of the cell membrane. This conclusion was based on the recording of 
surface currents, and it seemed desirable to check the result by determining 
depolarizations more directly with intracellular electrodes. Membrane 
potentials have therefore been measured and compared 1 in experiments in 
which strips were — by K-rich solutions, to give either weak con- 
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Fig. 9. Relationship between peak tension of contractures and (a) K BNL ssa (6) membrane 
potentials, at three different Na concentrations. 3 mm-Ca was used throughout the experi- 
ment; frequency of stimulation during periods between contractures, 2/min; diameter of 
strip, 0-3mm. a, Peak tension of contractures as % of maximum twitch tension plotted against 
K concentration of contracture fluid; peak tension developed during the first 20 sec of con- 
tracture, except with the Na-free solution (without additional K) in which development of 
contracture was much slower. 6, Tensions, from a, plotted against membrane potentials; 
the latter were obtained from different strips, but with fluids of the same composition as used 
in a, Membrane potentials corresponding to 100 and to 50% Na are taken from results 
shown in Fig. 10, The single value with af 
from two different strips (horizontal bar = +1 s.p.). 


tractures in the presence of large Na concentrations, or strong contractures 
at reduced Na concentrations. The Ca concentration was kept at 3 mm 
throughout, while the Na concentration was either 100, 50% or zero, using 
sucrose as a substitute for NaCl. Although tensions and potentials have 
been determined on different strips, the results are probably comparable, 
since they were obtained under similar conditions and with strips of nearly 
identical sensitivities towards Ca ions. Fig. 9 illustrates an experiment in 
which the changes in peak tension due to the different Na concentrations have 
been determined at varying depolarizations. The experimental procedure was 
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- similar to that described in connexion with Fig. 8. Contractures were elicited, 
_ with the exception of a single contracture in Na-free Ringer’s fluid, by adding 
KCl to test solutions of different Na content (but all containing 3 mm-Ca) to 
_ which the strip had been equilibrated. It is seen in Fig. 9a that only small 
amounts of KCl are required to give strong contractures when the Na con- 
~ centration is reduced, and that in the absence of Na a maximal contracture is 
- obtained even at 2 mm-K, i.e. without any additional KCl. 
Fig. 10 shows the result of experiments in which the membrane potentials 
have been measured. Potentials have been plotted in the conventional way 
against the logarithm of external K concentrations. (It may be noted that the 
_ potential value of about 83 mV in the presence of 2 mm external K is very 
_ ¢lose to that of 84-5 mV obtained by Ware et al. (1957) on the frog’s ventricle 
_ perfused with Ringer’s fluid containing 1-88 mm-K.) It is clear that the values 
obtained with 100% Na differ little, if at all, from those with ‘50% Na’ 
solutions. Using the means of these potentials, the tension results of Fig. $a 
have been replotted in Fig. 96 as a function of the membrane potential. It 
can be seen that the two resulting curves are roughly parallel, shifted hori- 
zontally by about 30 mV. (In two other experiments under similar conditions 
_ this horizontal shift was about 20-25 mV.) Now if changes in Na concentra- 
_ tion were to alter contractile tension simply by altering the degree of depolari- 
zation, membrane potentials with 50° Na should be lower than those with 
100% Na by 20-30 mV. But as is shown in Fig. 10 no significant differences 
have been observed between the two conditions. | 
When membrane potentials were determined with Na-free solutions, the 
resulting values scattered appreciably above and perhaps more frequently 
below those obtained in presence of Na ions (e.g. single value in Fig. 9b). 
It is therefore possible that the single contracture of Fig. 9 in the Na-free 
solution was associated with, and possibly even due to, a reduced membrane 
_ potential. This point has been tested in the following way. Asis seen in Fig. 10, 
membrane potentials increase substantially, in this case by about 20 mV, 
_ when the K concentration is reduced from 2 mm to zero. If this increase in 
membrane potential were also to take place in the absence of Na ions, solutions 
_ depleted of Na and K ions could be used to test whether contractures occur 
even in the absence of any depolarization. In experiments with three dif- 
_ ferent strips it was found that membrane potentials are increased by K 
_ withdrawal in these solutions, although not as much as in K-free Ringer’s 
fluid. The value obtained with isotonic sucrose containing 3 mm-CaCl, was 
89-5 mV (s.p. 4-9 mV of 16 impalements on two different strips). When a : 
__ strip is transferred from Ringer’s fluid to such K- and Na-depleted solutions, 
_ strong contractures develop. That such contracture may reach maximum 
tension is shown in Fig. 11 by a comparison of two responses in Na-free 
solutions, one of which contained 100 mm-KCl, the other no K. Although 
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10. Membrane potential of heart strips in fluids of similar composition as those used in 
expt. of Fig. 9, ie. 3 mm-Ca Ringer’s fluid to which were added varying amounts of KCl 
and which contained either 100% NaCl @, or 50% NaCl (the remaining 50% being replaced 
by sucrose) ©. Results from twelve different strips have been plotted against logarithms of 
external K concentrations. Each point is the mean of 7-10 determinations with s.p. 1-5- 
4 mV; vertical bars = + 1 s.p. of determinations in 50% Na Ringer. 


3 mM-Ca Contracture fluid 3 mm-Ca Ringer 
Ringer | 


min 

11. Maximal contracture with a solution depleted of Na and K ions, te0- | 
sion records; contracture fluid of record 1, 210 mm sucrose +3 mm-CaCl,; contracture fluid 
of record 2, same as that of 1 but with additional 100 mm-KCl (experiment was made on the 
oe as that of Fig. 9). m = mechanical artifacts marking the withdrawal of contracture 
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the contracture in the K-free solution rises relatively slowly, its final value 


in this experiment is the same as the maximum tension obtained in the presence 
of 100 mm-K. The conclusion is that contracture may develop without any 
depolarization if the Na concentration of the surrounding medium is drastically 


geduced. 


Two questions arise in this context: (a) whether this effect depends speci- 


" fically on the reduction of the Na concentration, and (b) whether the an- 


tagonism between Na and Ca ions is also effective under these conditions. The 
specificity was tested with Na-free solutions using LiCl, and choline Cl (in the 
presence of atropine), as substitutes for NaCl. In these solutions, with either 
2mm-K or no K ions present, strong contractures, similar to that of trace 1, 
Fig. 11, developed, suggesting again the specific action of Na withdrawal. To 
examine whether contractures are controlled by the Ca—Na antagonism the 
following experiments were made. Strips were immersed in low-K solutions 
(2mm or no K) in which different amounts of Na, e.g. 100, 80 and 60%, 
were replaced by sucrose. As expected, contractures were weaker the larger 
the Na concentration. Moreover, their strength could be increased by either 
decreasing the Na at constant Ca concentration, or by increasing the Ca at 
constant Na concentration. This antagonistic action was consistently observed. 
But since the resulting tension values showed an appreciable scatter with 
fluids of a given composition a quantitative study of the antagonism was not 


Control expervments 


Effect of varying tonicities. Since the action of varying Na oe ron on the ‘adeileuide 
between tension and depolarization (Fig. 8) has been studied by using additional amounts of 
KCl to change the membrane potential, it might be thought that the resulting differences in 
tonicity of the solutions are responsible for some of the observed effects. In order to assess how 
variations in tonicity affect tension, contractures have been compared which develop in K-rich 
solutions of constant ionic composition containing different amounts of additional sucrose (50, 
100 and 200 mm). Differences in peak tension under these conditions were found to be small 
(i.e. within 10% of maximum peak tension) and not consistent, —r that changes in 


tonicity contributed little to the results obtained. 


__ Contractures in low-K solutions. The procedure of reducing the K concentration (Fig. 11) may be 
questioned for the following reason. Frogs’ ventricles develop contractures, as some findings of _ 
Ringer (1883, Fig. 110) suggest, in K-free solutions even when Na ions are present; hence the 


- reduction in K rather than in Na may, at least partially, be held responsible for the observed 
_ contracture. Although the possibility that reduction in K as such contributes to the results cannot 
> be entirely excluded, it is made unlikely by the observation that contracture responses in K-free 
_ Ringer’s fluid are weaker and much slower than those due to low Na. Thus a strip of 0-3 mm 
_ diameter developed only 25% of the maximum twitch tension after 10 min in the K-free fluid. 


DISCUSSION 
The Ca—Na antagonism 


While Ca ions facilitate contraction of the frog’s heart, Na ions depress it. 
These two effects are related in such a way that the strength of propagated 
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twitches and also that of KCl contractures is a function of the ratio 
[Ca*+]:[Nat]*in the bath. Wilbrandt & Koller (1948) explained this antagon- 
ism by assuming that Ca and Na ions are distributed according to a Donnan 
equilibrium between the bathing fluid and a cellular surface layer, which by 
its Ca content controls the contraction of the cell. If the further assumptions 
are made that this surface layer has a high density of fixed negative charges 
(so that it contains negligible amounts of mobile anions) and contains only 
small amounts of cations other than Na and Ca, its content of ionic Ca should 
be a function of the external [Ca?+]:[Na+]* ratio. An alternative but related 
explanation (Niedergerke & Liittgau, 1956) is to suppose that Ca and Na ions 
compete for anionic groups R at the cell surface to form either a Ca compound 
which in some way activates tension, or an inactive Na compound: 


2Na+CaR=Na,R +Ca. 


This reaction may represent a cation exchange on anionic sites; it may also be 
interpreted as a chemical reaction involving, for example, the formation of 
complex Ca and Na compounds. Taking the total number of anionic groups 
as unity and assuming that these groups are occupied by either Ca or Na, the 
law of mass action leads to: 
[CaR] (2) 
1—[CaR)’ 


where k, the equilibrium constant of the reaction, is an index of the affinity 
of Na, relative to that of Ca, for R. The hypothesis explains the facilitating 
action of lowered Na as the result of an increased concentration of the 
activating compound CaR, arising from a replacement of combined Na with 
extracellular Ca. The specificity of this action requires that Li, choline 
and Tris have much lower affinities than Na ions in forming an inactive 
compound if they do so at all. 

Thus, if for example, Li as well as Na ions are present in the external fluid and both ions compete 
_ with Ca for the same anionic groups, equation (2) becomes: 

_[CaR} 
+k 1-[CaR]’ 

where k’, the equilibrium constant of the reaction of Li and Ca ions with R, is an index of the 


affinity of Li (again relative to that of Oa) for R. If k’<k tension will still be a function, 
approximately, of the [Ca*+]:[Na*]}® ratio alone. 


Support for this hypothesis has recently been obtained by studies with tracer 


_ Ca (Niedergerke & Harris, 1957) showing that frog’s heart tissue takes up 
Ca from the surrounding medium when the external Na is reduced, using 
either sucrose, choline Cl, or LiCl as substitutes for NaCl. | 

The fact that peak tensions of twitches (Fig. 2) and contractures (Fig. 8) 
fit the theoretically expected relation only approximately may be due to some 


variables which have remained uncontrolled sid these experiments. Thus, 
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when examining twitches, the action potential changed presumably not only 
when LiCl (Figs. 4, 5), but also when sucrose was used as a substitute for 
NaCl; it probably diminished in height with reduced Na (Draper & Weidmann, 
1951; Brady & Woodbury, 1957) while increasing or decreasing in width, 
| depending on the Na concentration (Daly & Clark, 1921). 


Some inaccuracies involved in the comparison of different contracture tensions arise from the 
fact that contractures are transient and the result of two opposing processes, namely, activation 
of the contractile state and slow ‘spontaneous relaxation’. Unless the relative rates of these two 
processes remain constant, under different experimental conditions, the peak of contracture can- 
not be an accurate index in comparing contractile states. That these rates did not remain strictly 


constant is suggested by the observation that the peak of the contracture did not always occur 
| at the same time. 


Cellular location of the antagonism 

There is reason for believing (Niedergerke, 1957) that Ca ions facilitate 
contraction by an action in a surface region of the cell. This view is based on 
the observation that a change in external Ca concentration alters tension at a 
rate which corresponds to that of a rapidly exchanging, and therefore pre- 
sumably superficial, fraction of cellular Ca. If Na ions act in the same region 
as, and by competition with, Ca ions, the time course of the tension effect 
should be similar for both ionic changes. This was found to be the case in 
twitch experiments when NaCl was replaced by sucrose, LiCl or choline Cl. 
A further suggestion for the superficial location of the Na effect is in the speed 
with which contracture tension develops and, particularly, subsides (Fig. 11, 
| trace 1), even when the membrane potential is hardly altered. It may be 
premature, however, to conclude that Ca and Na ions act entirely at the cell 
membrane. It is possible, for example, that part of the rapidly exchanging 
amount of cellular Ca, and also Na, is located in some cellular structures or 
channels which connect the fibre surface to the interior, as suggested by Porter 

Palade (1957) for the endoplasmic reticulum. 


Relationship between tension and depolarization 
Reducing the external Na concentration alters the relation between peak 
tension of contractures and membrane potentials (Fig. 96) in such a way that 
the depolarization required for a given tension is also reduced. This feature 
| again suggests the existence of a Ca—Na antagonism, because it closely 
resembles an earlier result obtained with increased Ca concentrations 
(Niedergerke, 19566). (It may be noted that during the previous experiments, 
Fig. 8 of that paper, the increase in Ca was compensated by a reduction 
In Na; the results neciecmncnes were therefore, to some extent, also due to 
reduced 
A surprising finding of the work is that reversible and even maximal 
contracture tensions are obtained without, or with only very little, depolariza-_ 
32-2 
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tion, when the external Na is drastically reduced (and provided enough Ca 
ions are present). The mechanism inducing these contractures appears to be 
the same as under more usual conditions for (1) Ca and Na ions still act an- 
tagonistically, and (2) the role of Na is specific, i.e. its withdrawal cannot be 
compensated by Li, choline or Tris. The most plausible explanation for this 
phenomenon is, on our present hypothesis, that removal of Na ions causes 
the concentration of combined Ca to rise in a certain region of the cell so that 
this becomes sufficient at the existing level of membrane potential to activate 
contraction. The activation may take place, for example, at the inner surface 
of the excitable membrane (or at ‘internal’ surfaces of the endoplasmic 
reticulum) by a catalytic action of CaR itself or Ca ions released from R. If, 
as suggested, contraction is activated by the same process with and without 
depolarization, it would follow that depolarization initiates contraction in- 
directly by increasing the concentration of CaR or Ca at the inner membrane 
surface. A possible mechanism by which this may happen and which has 
already been discussed in a different but related context (Hodgkin, Huxley 
& Katz, 1949; Hodgkin & Keynes, 1957) may be mentioned: Ca may compete 
with Na for membrane carriers which even in the combined state, say as CaR 
and Na,R, bear negative charges and are, therefore, at the resting potential 
drawn mainly towards the external surface of the membrane. Reducing the 
membrane potential would lead to inward movement of CaR as well as of 
Na,R carriers. 

While itis evidently too early to elabornte such a mechanism, it is clear 
that the close relationship proposed between depolarization and activating 
Ca on the one hand, and between Ca and the strength of contractile tension on 
the other, explains many of the observed results: 

(1) At low Ca concentrations twitches and contractures (e.g. Niedergerke, 
1956a@, 6) are small in spite of appreciable depolarization, since mainly the 
inactive NaR compound i is present. 

(2) Tension rises by increasing either the ratio [Ca?+): [N at} at constant 
depolarization or the amount of depolarization at constant [Ca?+]:[Na*]? 
(see Fig. 96), because the common result is an increase of ‘internal’ CaR or 


(3) Contracture tension at normal resting potentials is elicited only if the 
[Ca?+]:[Nat}* ratio is greatly increased (Fig. 11) and thereby, in spite of the 
opposing membrane potential, enough Ca or CaR is accumulated at the inner 
membrane surface. 

It has been suggested that Ca is, like Na, wniees extruded from muscle 
(Gilbert & Fenn, 1957) and nerve cells (Hodgkin & Keynes, 1957). If such a 


_ process also exists in the heart it might help to keep the contractile system at 


rest in a relaxed state by preventing Ca to accumulate at the internal membrane 
surface. 
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It may be recalled that the suggested function of Ca in the process of excita- 


_ tion-contraction coupling has much in common with that proposed by 


Heilbrunn & Wiercinski (1947) and Sandow (1952) for skeletal muscle. 
However, contractile tension of skeletal muscle is, unlike that of the 


heart, little affected by a change in external Ca concentration, although 


intracellular injection of Ca induces local contracture (Heilbrunn & 
Wiercinski, 1947; Niedergerke, 1955). The difference may possibly be related 
to the different and more elaborate organization of the endoplasmic reticulum 
in skeletal muscle as compared to that of the heart (Porter & Palade, 
1957). Thus Ca and Na ions may only slowly penetrate into, and escape 
from, these structures in skeletal muscle. A suggestion that the Ca—Na 
antagonism may, indeed, exist in skeletal muscle (at least in the slow 
fibres of the frog) can be found in experiments on the rectus abdominus 


- muscle which showed that Ca determines the tension of KCl contractures 


(Denton, 1948) and that Na has to be present in order to obtain relaxation 
(Fleckenstein & Hertel, 1948). 


SUMMARY 
1. The effects of Na and Ca ions on the contraction of the frog’s heart have 
been studied by recording isometric tensions of twitches, and KCl contractures, 
of heart strips and by measuring the corresponding action potentials and 
depolarizations. Cellular membrane potentials have also been determined 


using micro-electrodes. 


2. It has been confirmed that Ca and Na affect contractility in an antago- 


- nistic way and that twitch and contracture tensions depend, approximately, 7 


on the ratio [Ca?+]:[Nat}? in the bathing fluid. 

3. Na has, in promoting relaxation, a specific action, since other cations 
like Lit, Mg®+, choline+ or Trist, when substituted for Nat, increase con- 
tractility or, at large concentrations, induce contracture. 

4. A common feature of the effect of Ca and Na is that the changes in 


| contractility due to these ions are not associated with corresponding changes 


in resting or action potentials. 
5. In a more detailed analysis of these effects the empirical relationship 


_ between membrane potential and contracture tension has been determined and 
_ compared when the ratio [Ca**}: [Na+]? in the bathing fluid was changed to 
_ varying extents, The two main findings are: 


(a) Increasing the ratio [Ca*+]:[Nat]? reduces the amount of depolariza- 
tion necessary to obtain a given tension. 

(b) Maximum tension may be obtained even without, or with only very 
little, depolarization when the [Ca**]:[Na*}* ratio is greatly increased, 
ie. by completely withdrawing Na at suite large Ca con- 
centrations. 
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6. The results have been interpreted by assuming that Ca and Na ions 
compete, at the cell surface, or in an other cellular region which is readily 
accessible to the external solution, for a negatively charged substance to form 
either a Ca compound activating — or a Na compound which is 
inactive. 


The present work was aided by a grant to one of us (H.C. L.) from the ‘Stiftung zur Férderung 
der wissenschaftlichen Forschung an der bernischen Hochschule’. We are indebted to Professor 
B. Katz for his advice throughout the course of this work and to Professor A. L. Hodgkin for 
useful suggestions during the preparation of the paper. We also wish to thank Mr J. L. Parkinson 
and Miss A. M. Paintin for valuable technical assistance. 
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A ‘PAROXYSMAL’ SECRETION OF SALIVA FOLLOWING PARA- 
SYMPATHETIC DENERVATION OF THE PAROTID GLAND 


By N. EMMELIN anp B. C. R. STROMBLAD 
From the Institute of Physiology, University of Lund, Sweden 


(Received 10 April 1958) 


It was previously shown (Emmelin & Strémblad, 1958a) in experiments on 
the parotid gland of the cat that eserine injected through the salivary duct 
towards the gland causes profuse salivary secretion. Acute section of the post- 
ganglionic parasympathetic nerve fibres to the gland did not affect the 
secretory response to eserine, but it was very small when the injection was 
made 5 days, or later, after section of the nerve fibres. In the course of these 
experiments a different response to eserine was observed, when it was injected 
one, two or three days after section of the post-ganglionic parasympathetic 
fibres. Eserine then initiated a secretion which occurred in bursts or par- 
oxysms, and periods of such intermittent secretion also occurred spontaneously 


without eserine. The experiments described in this paper deal with this inter- 


mittent or paroxysmal salivary secretion which occurs in the early stages of 
post-ganglionic parasympathetic nerve degeneration. 


A preliminary account of the work has been published (Emmelin & Strémblad, 
19586). 


METHODS 


The observations were made on cats under chloralose anaesthesia (80 mg/kg intravenously, after 
preliminary ether). Both parotid ducts were exposed and cannulated using cannulae which gave 
35 drops out of 1 ml. of distilled water. Drops of saliva falling from the tip of the cannula were 
recorded on the smoked drum using a signal. Acetylcholine was injected through a cannula in a 
femoral vein. Eserine and cocaine were injected through the salivary cannula into the gland 
according to the method described by Emmelin, Muren & Strémblad (1954). The drugs, dis- 
solved in 0-1 ml. saline solution, were injected through a fine rubber tubing connexion of the 
salivary cannula. The tubing was obstructed by a clip; the fluid was then injected during 5 sec 
and the clip removed 5 sec later. Control injections of saline solution were made in the 
same way. 

The parasympathetic innervation to the parotid gland is as follows. The preganglionic fibres run 
in the tympanic nerve and then via the minor superficial petrosal nerve to the otic ganglion; the 
post-ganglionic fibres run in the auriculotemporal nerve to the gland. In most experiments the 
parasympathetic pathway was interrupted by section of the auriculotemporal nerve, but in some 
experiments preganglionic interruption was effected by destruction of the tympanic plexus, part 


4 506 
ve 
4 . 
& 
Z 
% 
‘a 
t 


PAROXYSMAL SECRETION OF SALIVA 507 


of which is the tympanic nerve. The methods have been described in detail eleewhere (Strémblad, 
1955). The operations were made in aseptic conditions under pentobarbitone sodium anaesthesia 
at various intervals before the acute experiment. 


In some experiments a local anaesthetic was applied to the peripheral stump of the cut auriculo- 


temporal nerve. For this purpose a fine silk thread was tied to the stump and the thread together 


with a few millimetres of the nerve were passed through a length of fine polythene tubing. The 
skin was sutured around the tubing and the thread was sewn into the skin. In the acute experi- 
ment, repeated injections of 0-3 ml. of a 2% solution of Xylocaine (lignocaine; Duncan, Flockhart) 


were made through the tubing. 


| RESULTS 
The paroxysmal secretion which occurs after section of the auriculotemporal 


nerve is illustrated in Fig. 1. In the experiment of this figure, the left nerve 
was cut 24 hr previously. There was no secretory activity from the right, 


~ ~ 110 min 14 drop + 70 min —" 


= 85 min 19:drops 60 min 


§0 min 13 drops ———4 


Fig. 1. Records of secretion in drops from the parotid glands of a 2-7 kg cat in chloralose anaesthesia 
Left auriculotempora! nerve cut 24 hr before. In each set of tracings, top line, from right 
gland, no secretion; middle line, secretion from left gland; bottom line, time (min). The lower 
tracings are immediate continuations of the upper ones. 


normally-innervated, gland. This is the ordinary finding in cats under chloralose 
anaesthesia. The denervated left gland showed periods of secretory activity. 
Three consecutive periods are shown. In the uppermost tracing the period of 
secretion lasted for 110 min and 14 drops of saliva were secreted. The flow then 
stopped for 70 min before another 85 min period of secretory activity began 
(middle tracing), which resulted in the secretion of 19 drops. The third period 
of secretory activity (lowest tracing) appeared 1 hr later; it epee for 80 min 
and 13 drops of saliva were secreted. 

The duration of the periods of secretory activity, and the intervals between 
them varied in different experiments. In some the periods of secretion lasted 
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for 10-20 min only and the intervals were 1 or 2 hr; in others the periods of 
secretion lasted for several hours. 

During a period of activity the rate of secretion was not constant but 
occurred in bursts. It is for this reason that the term ‘ paroxysmal secretion’ is 
used. A drop forming slowly at the tip of the cannula could be seen to increase 
suddenly in size and sometimes to fall quickly; after a short time the flow sub- 
sided and the drops again formed slowly until another sudden burst of secretion 
occurred. The amount of saliva secreted with each burst or paroxysm varied 
greatly in different experiments and to some extent also in the same experiment. 


Fig. 2. Records of secretion from the parotid glands of a 3-1 kg cat under chloralose anaesthesia. 
Right tympanic nerve cut 25 days before and right and left auriculotemporal nerves cut 2 days 
before. Upper line, time (min); central pair of records, secretion from left gland, and lower 
pair of records, from right. In each pair the upper record marks the beginning of each 
secretory paroxysm, the lower shows the drops of saliva secreted. 


The onsets of the bursts of secretion were usually readily discernible. They 
occurred at remarkably regular intervals, usually of about 1 min. This is 
illustrated in Fig. 2 in which the onset of each paroxysm of secretion was 
recorded on the smoked drum. The figure shows paroxysmal secretion from 
both glands 2 days after cutting the auriculo-temporal nerve on both sides. In 
addition, the preganglionic parasympathetic fibres to the right gland had been 
cut 25 days before the experiment. This early decentralization had made the 
gland hypersensitive to chemical agents, which explains why the mean rate of 
secretion from the right. gland is greater than from the left gland. The figure 
illustrates, on the right, a 20 min period of secretion at the beginning of the 
experiment, and on the left, a 10 min period of secretion taken 3 hr later. 


- During the initial 20 min period there were 24 bursts of secretion forming 
24 drops from the right gland, and 21 bursts forming 16 drops from the left. 
The average flow declined somewhat during the following 3 hr but the fre- 
quency of the paroxysms remained unchanged. During the last 10 min period 
of secretion there were 12 bursts forming 10 drops from the right gland, and 

11 bursts forming 6 drops from the left. In a few experiments the acceleration 
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of flow was not so sudden, so that the paroxysmal character of secretion was 
less pronounced. 

The paroxysmal secretion was never seen immediately or a few hours after 
section of the auriculotemporal nerve, but it was always present 1, 2 and 3 days 
later and during this time there was no relation between the time which had 
_ elapsed since section of the nerve and the amount of saliva produced per burst, 
or the duration of the periods of secretory activity. Five days after section of 
the auriculotemporal nerve the paroxysmal secretion was no longer obtained. 
It was never seen at any time after preganglionic section of the parasympathetic 
fibres to the glands. 
- When the auriculotemporal nerves were divided at the same time on both 

sides and 2 days later the glands were cannulated, it was found that the par- 
 oxysmal secretion from the two glands occurred independently of each other. 
_ Usually the periods of secretory activity did not occur simultaneously on both 
sides. This is shown in Fig. 3. When they overlapped or coincided the bursts of 
secretion within the periods occurred at different times. These findings suggest 
_ that the paroxysmal secretion results from local events rather than from general 

- changes, such as in the composition of the blood. ; 


Effect of drugs 
Atropine. The paroxysmal secretion was abolished after an intravenous 
injection of 0-1 mg/kg atropine. 
Acetylcholine. The paroxysmal secretion is not due to a hypersensitivity of 
the salivary gland cells to chemical agents. It is known that denervation — 


_ Tesults in hypersensitization of the gland cells. But it was found that an in- 


creased sensitivity to intravenous acetylcholine occurred only 5 days or later 
_ after section of the auriculotemporal nerve. Before that time the response of 
the denervated gland to intravenous acetylcholine, tested in the intervals 
between two periods of secretory activity, did not exceed the response of the 
normally innervated gland of the other side. In these experiments it was 
observed that the acetylcholine injection regularly provoked a period of 
secretory activity which began a few minutes after the immediate secretory 
response to the drug. The paroxysmal secretion was in fact first observed in 
_ this way. Periods of secretory activity were often produced with doses of 
acetylcholine wae © were subthreshold for a direct secretory response. This is 
illustrated in Fig. 3. 
_ serine. When eserine is injected into the parotid duct towards the glsnd 
_ salivary secretion ensues, but the flow is continuous and not in bursts (Emmelin 
_ & Strémblad, 19582). When injected in this way into a gland, the para- — 
sympathetic fibres of which have been cut 1-3 days previously, eserine initiates 
a period of paroxysmal secretion and the amount of saliva secreted is greater 


than that of an ordinary paroxysmal secretion occurring without eserine. A 
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typical experiment is illustrated in Fig. 4; in a cat the parasympathetic fibres 
to the parotid glands had been cut preganglionically on the right and post- 
ganglionically on the left side 3 days previously. The injection into the right 
gland of 10yug eserine produced a slow. and of 50ug a rapid, continuous 
secretion. The injection of 10 and 50yg eserine into the left duct initiated 
periods of paroxysmal secretion. The bursts of secretion occurred at remarkably 
regular intervals of about 1 min. In the upper record of Fig. 4 the onset of 
each burst during the period of paroxysmal secretion initiated by 10.g eserine 


ACh 

Fig. 3. Records of secretion in drops from the parotid gland of a 3-5 kg cat under chloralose 
anaesthesia 2 days after cutting the right and left auriculotemporal nerves. Top line, secretion 
from left gland; middle line, secretion from right gland; lowest line, time (min). At ACh, 
intravenous injection of 3-5yg acetylcholine = 1 yg/kg. 


is signalled. When comparisons were made of the paroxysmal secretion in 
the same experiment before and after eserine, it was found that eserine in- 
creased the average rate of secretion without changing the frequency of the 
paroxysms. | 
Cocaine. Its injection into the parotid duct in a dose (5 mg) which did not 
affect the secretory response to intravenous acetylcholine abolished the — 
paroxysmal secretion. This suggests a nervous origin of the secretion and the 
results obtained with eserine, acetylcholine and atropine indicate that the — 
_ nerve fibres concerned are cholinergic. 
The paroxysmal secretion cannot, however, be explained by bursts of 
impulses which originate in the parasympathetic fibres at the site of section 
of the auriculotemporal nerve arising about a day after the section of the nerve. 
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The following two results show that this hypothesis is not tenable. First, the 
paroxysmal secretion was not affected when half a centimetre of the nerve 
stump was cut off in the acute experiment. Secondly, application of a local 
anaesthetic, Xylocaine, to the stump did not abolish the secretion. 


Pre } days 
Minutes 
Signal 


E (104g) 


E (504g) 


Fig. 4. Records of secretion in drops from the parotid glands of a 3-7 kg cat under chloralose 
anaesthesia. Left auriculotemporal nerve and right tympanic nerve cut 3 days before. In 
the upper tracing the records from above downwards are: secretion from right gland; secretion 
from left gland; time (min) and bursts of secretion. In the lower tracing the upper record 
is secretion from the right gland, the lower from the left. On the left at the bottom of each 
tracing the injection of 10ug (upper tracing) and of 50yug (lower tracing) of eserine into the 
left (L) and right (R) salivary ducts is shown. 


DISCUSSION 


Since the time of Claude Bernard it has been known that denervation gives 
rise, under certain conditions, to a flow of saliva, the paralytic secretion. This 
secretion occurs when there is a pronounced release of adrenaline from the 
suprarenals, such as in morphine anaesthesia; the adrenaline then stimulates 
the gland cells sensitized by the denervation (Emmelin & Muren, 1951; 
- Emmelin, 1952). The paralytic secretion is found in the submaxillary and 
sublingual glands, which respond well to adrenaline, but not in the parotid 
gland, which, even after denervation, is fairly unresponsive to adrenaline. The 
paralytic secretion is not discernible until some hypersensitivity to adrenaline 
has developed, i.e. after about 3 or 4 days, and it increases as the sensitivity 
reaches a maximum after 2-3 weeks. It is obtained after section of the 
chorda tympani, which is a preganglionic nerve, and it is not abolished by 
atropine, | 

The paroxysmal secretion, on the contrary, is obtained from the parotid 
gland. It does not occur after preganglionic, but only after post-ganglionic, 
denervation and then only during the initial stages of nerve degeneration. In 


* 
ia 
& 
q 
‘ 
Ag 
a 
a 
q 
4 
ia 
1 
Ad 


512 NN, EMMELIN AND B. C. R. STROMBLAD 


its paroxysmal character it differs strikingly from the more or less continuous 
paralytic secretion. 

The fact that the bursts of secretion do not occur simultaneously in the two 
denervated parotid glands suggests that local events in the gland cause the 
paroxysmal secretion, and the finding that it is greatly increased by eserine 
and is abolished by atropine or cocaine suggests that it is due to acetylcholine 
liberated from the parasympathetic post-ganglionic terminals. Since the 
secretion is only obtained 1-3 days after section of these nerves the acety]- 
choline release must be in some way connected with processes occurring in the 
early stages of their degeneration. These processes are not initiated from the 
cut ends of the nerve fibres, because when paroxysmal secretion is established 
it is not affected by application of a local anaesthetic to the cut end of the 
auriculotemporal nerve or by cutting the nerve nearer to the gland. | 

In a previous investigation we concluded that there is normally a con- 
tinuous release of acetylcholine from the terminals of the post-ganglionic 
parasympathetic fibres, independent of impulses from the central nervous 
system (Emmelin & Strémblad, 1958a), similar to the leakage of acetylcholine 
which occurs at somatomotor nerve terminals. As in skeletal muscle, the 
amount of acetylcholine leaking into the salivary gland is too small to elicit 
an activity of the effector cells; this is true even if the cells have been sensitized 
by previous section of the preganglionic fibres. 

The release of acetylcholine from the degenerating fibres, on the other hand, 
differs from that of the normal fibres in that it is sufficient to cause secretion, 
and that the secretion is not continuous. Periods of secretion alternate with 
periods of rest and during the periods of activity the secretion occurs in bursts. 
The fact that saliva is secreted suggests that the quantities of acetylcholine 
released must be relatively large; nevertheless, the average release over a long 
period may be the same as from the normal nerve fibres and the secretion is 
made possible by the paroxysmal liberation. If each burst of secretion is the 
sign of a sudden release of acetylcholine from the endings of degenerating 
nerve fibres we should have to assume that relatively large packets of acetyl- 
choline are released from the endings at constant intervals of about 1 min, and 
that this occurs after the first day of nerve section and continues for about 
3 days, since the characteristic feature of the paroxysms is the regularity with 
which they occur during this period of nerve degeneration. We would further 
have to assume that this breaking up of relatively large packets of acety]- 
choline from the nerve endings at constant intervals occurs for periods varying 
between 10 min and several hours, and is then followed by periods of varying 
lengths in which the packets of acetylcholine released are probably too small 
to cause secretion. The finding that eserine injected into the ducts during a 
period of rest provokes a period of paroxysmal secretion, suggests that the 
breaking up of acetylcholine particles at constant intervals continues during 
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the periods of quiescence, and that they are not a sign of cessation of acetyl- 
choline release. 
_ Tt seems reasonable to expect other organs to react in a similar way as the 
parotid gland after denervation. Professor H. Barcroft drew our attention to a 
phenomenon which may be related to the paroxysmal secretion of saliva. It 
has been observed clinically that sympathectomy is sometimes followed by a 
period of sweating and vasoconstriction in the region disconnected from the 
central nervous system (Smithwick, 1940; White & Smithwick, 1941; Barcroft 
& Walker, 1949). In some cases the operation performed seems to have been a 
ganglionectomy ; in these the phenomenon could be explained in the same way 
as the paroxysmal secretion. In those instances in which the operation was 
apparently a preganglionic denervation a release of transmitter substance 
could have taken place from the endings of the degenerating preganglionic 
fibres causing the ganglion cells to discharge, although in our experiments no 
secretion of saliva was obtained after preganglionic denervation. 


SUMMARY 


1. One to ‘ics days after cutting the post-ganglionic parasympathetic 
nerve fibres to the parotid gland of the cat, the gland shows periods of secretory 
activity lasting between 10 min and several hours followed by periods of 


. varying length in which there is no flow of saliva. 


2. During a period of secretory activity the salivary flow is intermittent. 
It occurs in bursts or paroxysms. This type of secretion is therefore termed 
“paroxysmal secretion’. 

3. The paroxysms of secretion occur at remarkably constant intervals, 
about once a minute. 

4, The paroxysmal secretion is abolished by intravenous injection of a small 

dose of atropine. 

-  §. During a period of rest a paroxysmal secretion can be initiated by an 
Injection of eserine through the salivary duct towards the gland. Eserine does 
not change the frequency of the bursts but increases the amount of saliva 
secreted per burst. 

6. An injection through the salivary duct of cocaine in a dose which does 

not change the responsiveness of the gland to intravenous acetylcholine 
abolishes the paroxysmal secretion. 
7. It is concluded that the paroxysmal secretion is due to acetylcholine, 
released in paroxysms from the endings of the degenerating post-ganglionic 
nerve fibres, and that these paroxysms of release are not initiated from the cut 
- ends of the nerves. 


Grateful acknowledgement is made of the technical assistance given by Miss Ursula Delfs. 
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AN ANALYSIS OF THE MECHANICAL COMPONENTS 
IN FROG’S STRIATED MUSCLE 


By B. R. JEWELL anp D. R. WILKIE 
From the Department of Physiology, University College London — 
(Received 27 May 1958) | 


Part I. The theory of the isometric myogram 


A. V. Hill suggested in 1938 that during isometric contraction the actively : 
contractile parts of the muscle shorten at the expense of the passive elastic 
parts in series with them and thus that the form of the isometric myogram is 
uniquely determined by the force-velocity curve of the contractile component 
and the stress-strain curve of the series elastic component. This suggestion has 
been tested experimentally by Katz (1939), Hill (1949), Wilkie (1950) and 
Macpherson (1953), whose methods were all variations on the same theme, that 
of measuring the force-velocity curve and the isometric myogram directly, 
then calculating the stress-strain curve and showing that this was similar to 
the estimate currently available from direct measurements. In no case could 
the underlying theory be rigidly tested, since the three curves had not been 
determined experimentally on the same muscle. This has led to a somewhat 

puzzling situation. 
Katz, Hill and Wilkie all calculated that the series elastic elements must have 
been stretched by 6-10 % of the muscle length when the tension rose to its full 
isometric value, and they all noted that this agreed with the direct deter- 
mination of the series compliance made by Gasser & Hill (1924). However, 
this early determination must have included an unknown, but presumably 
large, contribution from the compliance of the mechanical recording lever and its 
connexion to the muscle; it seems most unlikely that all the later experiments 
should have included an exactly equal amount of stray compliance. Katz 
(1939) used similar apparatus and corrected carefully for the stray compliance; 
nevertheless, his estimate of the series compliance in the muscle itself was 
double that found later by direct measurement (Hill, 1950, 1953). Hill (1949) 
did similar experiments using more sophisticated apparatus, but did not correct 
for the stray compliance. . His estimate of the total series compliance (10% 
of the musele length for the full isometric tension) is considerably greater than 
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the direct measurements of the compliance in the muscle alone (3%) made in | ‘ 
the following year (Hill, 1950). Although the apparatus used in the two sets 
of experiments seems to have been roughly the same, it is unfortunately — 


impossible to tell whether all the difference arose from the presence of stray. - 


compliance. Wilkie (1950) was working on intact human beings so that his 
results were in any case not strictly relevant. | 
Macpherson’s (1953) result may have been compatible with the new low | 
estimate of the compliance, but, as he himself pointed out, his method was not 
very accurate since it depended on small differences. We think that this work 
should thus not be relied upon as the sole proof of an important theory and 
that these difficulties can only be resolved by careful determination of all 
three curves (force—velocity, stress—straizi, isometric myogram) on the same 
muscle. By taking extreme care over details of technique we have been able 
to make the required long series bot records without appreciable deterioration of 


the muscle. 
METHODS 

The arrangement of the apparatus is shown in Fig. 1. The connexion to the transducer can be 
hooked into the lever for isometric measurements, or unhooked when the muscle is to be allowed 
to shorten isotonically. The change in recording conditions is thus made without disturbing the 
muscle or its connexions. The isotonic load is attached to the lever through a strip of rubber in 
order to eliminate its effective inertia, as originally suggested by Blix (1895a). In general, the 
experimental procedure was the same as usual (see, for example, Wilkie, 1956) but many details 
of technique have received new attention. For example, we have tested the lever and shown it to 
behave as a pure inertia of 200 mg (equivalent mass referred to the point of attachment of the 
muscle) up to accelerations of 300 times gravity; we have improved the frequency—response of the 
photo-electric system used for recording movements of the lever, so that accurate records can be 
made of very rapid length changes; most of all, we have concentrated on making the connexion 
from the muscle to the recording apparatus as inextensible as possible while keeping its inertia to a 
minimum. This is a problem of great importance and some difficulty which will be discussed in a 
later section. All the experiments were performed in oxygenated Ringer’s solution (mm: NaCl 
115-5, KCl 2-0, CaCl, 1-8, Na phosphate buffer, pH 7-0, 2) and the muscle was stimulated on a 
platinum multi-electrode assembly. The muscle was automatically tetanized for 1 sec each minute, 
whether records were being taken or not, in order to keep it in a steady state. These precautions, 
combined with extreme care in dissection, seem to have prevented the rapid fatigue that has in the 
past bedevilled measurements of this kind. Our muscles produced very large tensions (up to 
2-55 kg/cm*) which declined only gradually throughout the day at rates as low as 0-03 % for each 
second of tetanus. The practical details of all these controls 
(Jewell, 1958). 


RESULTS 


Three complete experiments have been carried out in addition to Shears 
Investigations. All gave similar results, but only the last of them will be 
described in detail since it was the most complete and reliable. 

The three types of photographic record taken are illustrated in Figs. 2-4. 


All except Fig. 36 were made at 2°C on the same — amaieoientl 
weight = 64 | 
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_(A) After-loaded isotonic contractions from length L, against various loads 
(Fig. 2). 

(B) Isotonic releases from L, at 0-7 sec against various loads (Fig. 3). The 
records show, but with much improved time-resolution, the character pre- 
viously described (Wilkie, 1956): when the force on the muscle is suddenly 
reduced by the quick release, there is first a rapid change in length due to 
passive shortening of the series elastic elements; this is followed by a slower 
change of length as the contractile component continues to shorten at a con- 
stant velocity. The transition from one phase to the other is somewhat obscured 
by mechanical oscillations. These can be reduced by employing the dashpot 
(EZ, Fig. 1). Although this introduces some extra inertia, the net effect is to 
improve the resolution of the method. } | 


Fig. 1. The satorius muscle (A) lies on the multi-electrode assembly and is attached to the isotonic 
lever (B) by a stainless steel wire (C). In the inset diagram, details are shown of the method 
used in tying the tibial tendon to the steel wire by means of a plaited silk loop (P). The light 
isotonic lever is pivoted on ball bearings at D and its movements are followed by the photo- 
electric recording system (I). A small dashpot containing castor oil (E) is used to damp the 
oscillations of the lever during very rapid movements. Weights (F) are suspended from a ball 
race near the fulcrum on a compliant support (G) and the length that the resting muscle adopts 
is controlled by the after-load stop (H). The system as drawn is arranged for recording after- 
loaded isotonic contractions. For isotonic quick-release experiments, the release catch (L) 
is raised until the small peg is just supporting the lever: then at a pre-set time after the onset 
of stimulation, the catch is withdrawn electro-magnetically and the muscle can shorten 
freely against the isotonic load produced by the weights (F). For isometric recordings, the 
weights are removed and the transducer (J) is lowered until it can be connected to the isotonic 
lever by means of the stainless steel links (K). eR eee ee 
the figure shows centimetres. 


33-2 


a 
ra 
ing 
“a 
P 
Ay 
3 
a 4 
K 
E 
reat. 
ay 
it 
it 
| 
A 
; 
Rhy 
é 
id 
A 


518 B. R. JEWELL AND D. R. WILKIE 


(C) Isometric myograms; the initial development of tension at L, and the 
redevelopment of tension at L, after a release from £)+2 mm (Fig. 4). In this 
photograph the two traces Lanpined to be superimposed in a remarkably 
convenient fashion so that one can see clearly that they coincide only after 
about 60 msec; before that, the initial rise of tension is somewhat slower than 


the redevelopment. A similar effect can be discerned in the records published _ 


by Hill (1953). This cannot arise because time is taken for the impulse to 
activate the whole muscle, for the maximum conduction time on our electrode 
assembly cannot be more than 10 msec, but it.could be explained by supposing 
that the active state does not develop instantaneously to its full value after 
the first stimulus. If this is truly the case, then the active state cannot quite 
reach its full tetanic level during a single twitch; for the state of activity 


Length change (mm) 


2172 11 


after-loaded isotonic contractions (1 sec tetanus, 30 shocks/sec) starting at L,. The value of 


the load is indicated at the point where movement begins. Calibration : — 
beam modulated at 1000 o/s. 
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certainly begins to decline about 40 msec after a stimulus. In the middle of 
the third sweep the two traces separate again; this is because the release was 
made at 0-7 sec in a | sec tetanus so that the ‘redevelopment’ had only 0-3 sec 
to run while the ‘initial’ curve had the full second. : 
Five records were made altogether, in the order A BCBA, so that any 
deterioration of the muscle would be apparent (none was). This sequence gave 


_ us four estimates of the force—velocity curve and two of the stress-strain curve. 


a 1 3 | b 
2 
0 
j i j j 
0 20 40 
Time (msec) 


_ Fig. 3. (a) Experimental records showing the length changes which occur when the force on the 
muscle is suddenly reduced from the full isometric tension to the value (in g wt.) shown 
alongside each trace, 0-7 sec after the start of a 1 sec tetanus (30 shocks/sec). The origin of 
the trace is different for each record and the time base started just before the release catch 
was operated. Calibration: 0-5 mm intervals with beam modulation at 1000 c/s. The super- 
imposed high-frequency vibration is an artifact produced by the release relay. It is easily 
remedied, but not in the middle of an experiment. (b) A single record from another experi- 
ment (frog sartorius; 31 mm, 76 mg) showing the extrapolation that is made in analysing the 
trace. 


ANALYSIS OF THE RECORDS 
Force-velocity curve 


- The records of the early length changes in isotonic coxractions (Fig. 2) were 
_ made with a fast time base. The early oscillations closely resemble those pre- . 
_ viously described and analysed (Wilkie, 1950; Hill, 19515); within 6 msec the 
- velocity has settled to a ‘Steady value which is maintained for the full 2 mm of 
 Shortehing. 


No consistent difference could be detected between tnis velocity (Fig. 2) and 


[| _ the velocity after a release (Fig. 3a), at any given value of the force. This pre- 
_ sumably indicates that sufficient time had elapsed before the load was lifted 
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for the muscle to become fully active. All four estimates were combined and 
their means plotted in Fig. 5 together with the range of variation where this 


exceeds the diameter of the plotted point. 


Stress—strain curve 

For purposes of calculation it is more convenient to use load (g wt.) and 
extension (mm) rather than stress (g wt./cm*) and strain (length change/length). 

The isotonic quick-release records (Fig. 3a) were analysed as shown in 
Fig. 36. In each curve the phase of shortening at constant velocity, zy, was 
extrapolated back to the instant of release and the height of the intercept, 0z, 
was taken as the length change in the series elastic elements. In Fig. 6a these 
length changes have been plotted against the corresponding tensions to give 
the load-extension curve of the series elastic component and of all the con- 
nexions up to and including the lever. However, in the arrangement for 


Fig. 4. Experimental records of the initial rise of tension in a 1 sec tetanus (30 shocks/sec) and the 
redevelopment of tension after a quick release at 0-7 sec (the tension rise before the release is 
not shown; the vibrations are produced by the sudden tightening of the connecting link). 
After the first 60 msec, during which the initial rise occurs more slowly than the redevelop- 
ment, the two traces coincide until the third sweep, when the redeveloped tension begins to 
decline. This point is indicated by the intersection of the two arrows at the top of the figure. 
The vertical distance between the two dashed lines corresponds to 20-8 g wt; the dashes 
occur every 20 msec. 
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” recording isometric contractions, the transducer and the connexion above the 
lever contributed additional compliance which was estimated by hanging 


_ weights on the lever and measuring the corresponding displacements. This gave 
a linear compliance of 0-0025 mm/g wt., which has been added to the averaged 


w 


Velocity (mm/sec) 


Force (g wt.) 
‘Fig. 5. Force-velocity curve at L,. Each point represents the mean of four determinations, two 
from isotonic afterloaded contractions (Fig. 2) and two from isotonic quick releases (Fig. 3). 
of the plotted point. 


~ points in Fig. 6a to give the points in Fig. 6b. These show the total load-exten- 
sion curve of all the elastic elements in series with the contractile component 


under isometric recording conditions. They have, for convenience in calcula- 


tion, been fitted empirically by the equations: 


P=7e7%5_§ when P<15g wt. 


and P=70c2-—9-2 when P>15 g wt., 
~ where P=load in grams and z=extension in millimetres. 


Calculation, of the rise in tension in an isometric tetanus 
Our method of calculation is similar in principle to those employed 


i before. At each value of the force, P, the velocity of shortening of the con- 
_ tractile component, da/dt, can be read by graphical interpolation from the 
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Load (g wt.) 


Extension (mm) 


Fig. 6. (a) Load-extension curve of the undamped series elastic elements in the muscle and in 
; the connexions below the lever. The points were obtained by analysing two sets of isotonic 
quick-release records (Fig. 3). (6) Load—extension curve of all the undamped elastic elements 
in series with the contractile component during isometric recordings. The compliance of the 
eurve drawn from the empirical equations 


when P<15g wt. 
and P=70z 9:2 when P>15g wt. 


force—velocity curve (Fig. 5), and dP/dz is easily obtained by difiseentisting 
one of the empirical equations given on p. 521: 


when  P<lbgwt., dP/dr=3-18P+19-1 g wt./mm 
and when P>l5gwt., dP/dv=70 g wt./mm. 
The time required for the tension to rise to a value P, is then given by 


PP 1 ap 
pao (da/at) 
This integration was performed numerically, using differences up to second 
order, and the result is shown in Fig. 7 (solid circles). For comparison, the two 
experimental curves of Fig. 4 have been plotted on the same graph after 
shifting them so that all curves coincide at the origin. There is a clear dis- 
crepancy between theory and experiment, for the muscle actually takes longer 
to reach a given tension than is predicted by the theory; 80% longer during the 
initial development of tension and 50% longer during the redevelopment after 
a release. The whole subject thus demands critical re-examination. | 
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The calculation appears to be based on perfectly sensible premises, and it 
seems to us that records of the type shown in Fig. 3 can only be interpreted in 
terms of two separate components whose length and velocity; respectively, are 
functions of the tension. There are thus three general possibilities to account for 
the discrepancy: | 


(1) Our estimate of the force-velocity curve may be wrong. 

(2) Our estimate of the stress-strain curve may be wrong. 

(3) It may be wrong to represent the muscle by only two undistributed 
elements; others may be present which are not revealed in isotonic releases, 
but which are important in isometric tension development. We shall se with 
these three possibilities in order. 


Tension (g wt.) 


0 0... 80 120 
Time (msec) 

Fig. 7. Sidusidia sacuenadan Solid circles: curve of rise of tension calculated from the force- 
velocity and load—extension curves. Open circles: observed isometric myograms replotted 
from Fig. 4; (), initial rise of tension; ©, redevelopment of tension after a quick release at 
0-7 sec. 
the level indicated by the dotted line, 


Force-velocity curve 
Our estimate of this curve is certainly precise enough, as shown by the small 
_ scatter of the experimental points in Fig. 5; it is similar to all the previously 
_ published curves and could easily have been fitted either by Hill’s equation 
_ (1938) or Aubert’s equation (1956). However, the question remains whether 
_ this curve, obtained under isotonic conditions, can be used to predict the | 
a behaviour of the contractile component under isometric conditions. In formal 
__ terms, is the velocity of shortening at each instant a function only of the force 
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at that instant, or is it influenced, for example, by the previous rate of change 
of force or some other aspect of the history of the muscle? Such direct evidence 
as is available supports the original assumption; for the muscle can be seen to 
~ achieve a remarkably constant velocity very soon after conditions change from 
isometric to isotonic, and the velocity at a given force is the same no matter 
whether the tension has just been rising (Fig. 2) or falling (Fig. 3). Unfor- 


tunately, in both types of record the actual moment of transition is obscured — 


by mechanical oscillations which we have not been able to prevent entirely. 
During the oscillation one cannot say for certain what is happening, but 
every curve in the two figures could have arisen from a constant velocity 
and a superimposed damped vibration. There is thus nothing in any of 
the records to suggest that the velocity does not rise to its final value 
immediately. 

We conclude that the change of velocity follows the change in force very 
quickly—probably in less than 1 msec and certainly in less than 6 msec. This 
does not conflict with Hill’s (19515) conclusion that some 8 msec are required 
in order to reach the full unloaded shortening velocity, for his experiments 
were made at the onset of activity, ours during full activity in a tetanus. 
However, our results do contradict A. F. Huxley’s prediction that the change 
in velocity should lag behind the change in force with a time constant of some 
28 msec auatey, 1957, p. 304). 


Stress—strain curve , 

The discrepancy could arise from our having underestimated the compliance 
of the series elastic component and connexions. Our method of analysis (see 
Fig. 3b) makes use of an extrapolation which assumes that during the period 
of elastic shortening and mechanical oscillation the mean velocity of the 


contractile component is the same as the constant velocity that is achieved — 


after 5-6 msec. However, as discussed above, one cannot be sure that the 
contractile component does start to shorten immediately at its full velocity: 
if it does not, the result will be that we do tend to underestimate the com- 
pliance. We have thus felt obliged to check our isotonic quick-release method 
against Hill’s (1950) controlled-release method, the principle of which is to 
measure the variation of tension with length during a single release. This 
method also leads to an underestimate of the compliance if the shortening of 
the contractile component is delayed, but the amount of error can be reduced 
by increasing the speed of release. 

Technique. For some of the experiments we were fortunately able to borrow 
Professor Hill’s own Levin-Wyman ergometer, to which our electrode assembly 
and muscle bath could be securely clamped. For others we used a simpler 
device (Jewell, 1958) consisting of a transducer tube (RCA 5734) fixed to the 
_ armature of a relay, which was released by interrupting the current through 
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its coil, whereupon the transducer was pulled rapidly away in the ‘release’ 


- direction by judiciously chosen and stretched rubber bands, With this device 


we were able to achieve a speed of release of 500 mm/sec, some three to four 
times faster than with the Levin-Wyman apparatus. In both cases the move- 


ment of the transducer was followed by connecting it to the photo-electric — 
_ isotonic lever. Tension was displayed on the Y-axis of a cathode ray tube and 


length on the X-axis, so that the load-extension curve was drawn automatically 
on the photographic record. 


Results. In Fig. 8 are shown a number of stress-strain curves measured on 


_ different muscles by either the controlled or the quick-release techniques. The 


curves have been corrected for the compliance of the connexions, but the 
correction for active shortening of the contractile component (see Hill, 1953) — 
has not always been applied to the measurements by the controlled release 
technique, since it is small, e.g. 0-04 mm extension at a stress of 0-164 kg wt./ . 
em* with a release speed of 210 mm/sec. At first we did not understand the 
full subtleties of the properties of connexions (see Appendix) with the result 
that we are not certain how big the correction should be in some of the earlier 
isotonic quick-release experiments. These curves in Fig. 8 (designated ‘ approxi- 
mate’) have accordingly been corrected for the minimum amount of external 
compliance that must have been present, though the true correction required 
may have been somewhat larger and the true stress-strain curve somewhat 
steeper. 

It is evident from Fig. 8 that the isotonic quick-release method is not leading 
to an underestimate of the series compliance and thus that it cannot be held 
responsible for the discrepancy apparent in Fig. 7. In one experiment, the 
series compliance was measured by controlled release and isotonic release 
methods on the same muscle (Jewell, 1958) with good agreement. All our 
measurements lead to a somewhat lower estimate for the series compliance 
that is given by Hill (1950, Fig. 1). His estimate is about 1-4 times ours at 
stresses above 0-5 kg wt./cm*, and more than twice ours below this point. 


Elements in the muscle 
To explain the discrepancy between theory and experiment, one needs an 


- additional series compliance, for example, a damped elastic element that does 


not change in length during quick-release determinations but does so during 
the relatively slow rise of isometric tension. This explanation seems unlikely, 


since there is still a marked discrepancy between theory and experiment 


immediately after a quick release, during which there is presumably insufficient 
time for a damped element to change in length (Fig. 7). The fact that the 
velocity soon reached the same value, no matter whether the tension had pre- 
viously been rising (Fig. 2) or falling (Fig. 3), also argues against the partici- 


pation of a significant damped element. The argument is the same whether one 
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Fig. 8. The stress-strain curve of the series elastic component. The graph shows the stress-strain 


curves that have been obtained from a number of frog sartorius muscles by either the quick- 
release (open circles) or the controlled release (solid circles) techniques. The heavy black 
line shows the ‘standard curve’ obtained by Hill (1950) using the second method. For 
purposes of comparison, the stress has been expressed in kg wt./om*® of muscle cross- 


section and the strain as a percentage of the muscle length L,. The following table summarizes 
the details of the experiments made: 


Body length Weight P,Ly|M the external 
Curve Date L,{mm) M(mg)_ (kg wt./cm?) Release compliance 
A Feb. 13 31 76-0 2-20 Quick Approx. 
B Feb. 13 31 76-0 B20 Controlled Approx. 
C Mar. 12 29 60-0 2-13 Quick Approx. 
D May 21 30 640 1-62 Quick Approx. 
E June 6 $2 55:8 2-19 — Quick Accurate 
F June 28 30 30-6 1-77 Controlled Accurate 
G July 2 33 52-0 2-09 Controlled Accurate 


The Levin-Wyman ergometer was used in experiments F and @ and the simpler lever 
system in experiment B. In the last column of the table, the term ‘accurate’ means that the 
compliance of the connexions and the recording apparatus was carefully measured in the 
manner specified in the Appendix. In the earlier experiments (‘approximate’), this was not 
satisfactorily done and these curves have been corrected for the minimum amount of external 


compliance that must have been present. Thus these curves may really be somewhat steeper 
than is shown in the figure. 
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supposes that the damped elasticity is passive, or that it consists of weak parts 


of the muscle being stretched by stronger parts (Blix, 18950; Fischer, 1926; 


Katz, 1939; Hill, 1953). 


The whole question of inequalities in strength between one part of the muscle 


_ and another is very difficult to resolve quantitatively. Professor A. V. Hill 


_ has suggested that it might be illuminating to see what happens when two 


muscles of unequal strength are arranged in series and then stimulated. This 


_ is an experiment that we hope eventually to perform. 


Thus none of the proposed explanations for the discrepancy is altogether 


~ satisfactory, though we favour the view that the velocity depends not only 


on the force, but on some aspect of the history of the muscle. We doubt 


_ whether further improvements in recording technique will shed much light 


on the matter, as the muscle itself, and the fluid around it, have an appreciable 
_ and irreducible inertia and the connexions inevitably add some compliance. 
_ Perhaps the tortoise muscle studied by Katz (1939) and Goodall (1957), which 
_ is slower and in which the discrepancy is even more marked, would be a more 
suitable experimental material. 


Although Hill’s original theory may not give a quantitatively exact account 


__ of the way in which isometric tension develops, there is no doubt that quali- 


tatively, isometric tension rises much more slowly the larger the series com- 
pliance (see, for example, Hill, 1951a). The earlier calculations from the 


_ isometric myogram that showed a length change of 0-1Z, in the series elastic 


structures may well have been correct, for wet threads can easily introduce a 


; large damped compliance which affects the shape of the myogram, but which 


_ is deceivingly absent from measurements made by quick-release techniques 


(see Appendix). Our present experiments certainly show signs of having been 


made with very inextensible apparatus. For example: 


_ (1) In our isometric myograms the tension rises 2-3 times faster than in 


- comparable ones in the literature (compare our Fig. 7 with Katz (1939), 
_ p. 52, Table IIT; Hill (1953), p. 14, Fig. 6D; —— & Wilkie (1954), 


p. 293, Fig. 1). 
(2) We have obtained high twitch: tetanus ratios of: up to 0-92 at 0° C. 


(3) A consequence of this has been to cast doubt on the view that the twitch | 


tension gets smaller as the temperature is raised (Hill, 1951d). With our 
apparatus the twitch tension often increases with rise of temperature, but in 
all cases the temperature coefficient is close to unity. In muscles where 
initially the twitch tension rose with increasing temperature, the addition of 
a small extra compliance to the connexion reversed this effect (see Jewell, 1958, 


| for further details). 
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APPENDIX TO PART I: PROPERTIES OF CONNEXIONS 


In assessing the usefulness of any given type of connexion one is concerned both with its mass per 
unit length (which determines inertial distortion at high acceleration and greatly influences. the 
oceurrence of vibration) and with its elasticity, which is in general complicated by non-linearity 
and damping. The properties of the three materials that we have used, chain, straightened stainless 
steel wire and plaited silk are summarized in Table 1. Straightened wire is seen to be light and 
very inextensible, but it is slightly damped and somewhat non-linear. These defects are only slight 
if it is straightened by cold-drawing and handled with care. Chain has the disadvantage that it is 
very heavy, but it is fairly inextensible, linear and undamped; moreover, it is very easy to handle. 


Taste 1. Elastic properties of connecting materials 


*Non- 
| Release ‘ linearity’ Weight 
Material speed (%) (%) (mg/cm) 
Silver chain Fast 0-071 8-0 25-600 
Slow 0-075 8-5 
36 s.w.@. wire (stainless steel) Fast 0-036 39-0 2-240 
0-050 44-0 
 Plaited silk (Weiss Gauge 1) 
Dry Fast 0-490 68-3 0-693 
Slow 0-560 63-0 vee 
Wet Fast 0-660 29-7 
Slow 1-560 44-6 -— 
wire) 
Dry Fast 0-044 45-4 2-200 
Slow 0-057 52-0 —_ 
Wet. Fast 0-036 13-7 — 
Slow 0-079 52-6 


After stretching the connexion to produce a tension of 50 g wt., the tension—length curve was 
measured by making a controlled release at the required speed. The straight part of each curve 
(extending from 50 g wt. down to about 25 g wt.) was extrapolated to zero tension, producing an 
intercept a on the length axis. If} is length change actually required to drop the tension to zero 

non-linearity’ as (b — a/b) x 100%. 


Silk thread, of which a small quantity must be used for tying muscle to wire or chain, is the main 
source of confusion since it is very compliant and non-linear, and its properties are critically 
_ dependent on whether it is wet or dry. When wet, as it normally is in use, its stress-strain curve 


varies considerably with speed. At high speed it is very inextensible, presumably because the 


water cannot move about rapidly in the pores of the material. We have therefore kept the length 
of the silk so short that its contribution as a damped elastic element is small, approximately 5% 
of that of the whole connexion. 

Because of these complications it is by no means a simple matter to correct for the stretch that 
takes place in the connexions. We have come to the conclusion that the only valid way to do this is 


to perform a dummy experiment similar in speed and other respects to the one on the muscle, but — 


in which the muscle itself has been cut away and the knot from its tendon slipped on to a hook 
held rigidly in the clamp that formerly held the pelvis. The corrections designated ‘accurate’ in 
Fig. have all bene based Sly procedure. 
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Paxt II. Further observations on the elastic properties of muscle 
- Bince we had been obliged to improve the technique for estimating the com- 
pliance of the series elastic component, we thought that we should try to 
_ extend our knowledge of this element of the muscle by making measurements 


_ at various muscle lengths, at various times after a single stimulus and at 
different temperatures. 


The of longi on the series elastic componcns 
~ Measurements have been made by both the quick-release and the controlled- 


~telease methods. Both give the same result but only those obtained by the 
- Matter method will be given here. 


73 


0 05 10 0 0:5 1-0 
Extension (mm) 


: Fig. 9. Load-extension curves of the series elastic component at various muscle lengths. (Frog 


sartorius: 80-3 mg, L,=32 mm, 0° C.) (a) Muscle lengths below L,; (b) Muscle lengths above 
Ly In both graphs the curve at L, is the mean of five curves at 0° C, The load-extension 
curves obtained at other muscle lengths have been shifted horizontally to make their highest 
points lie on this curve. Not corrected for the compliance of the connexions. 


' Fig. 9a shows that reducing the muscle length from L, to Ly- — 10 mm pro- 


_ duces very little change in the load-extension curve of the series elastic com- _ 
_ ponent. Stretching the muscle to about L,+4mm also leaves the curve 
- unaffected (Fig. 96), but at greater lengths, e.g. L)+8 mm, a characteristic 


' ee takes place in the shape of the curve. It becomes flatter, especially at 
_ low tension; that is, a larger release is needed to produce a given fall of tension. 
The length at which the change occurs is that at which the resting muscle 
4 oa to show long-lasting tension, suggesting that at this point the parallel 
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elastic components in the muscle somehow begin to contribute to the 
measured series elasticity of the muscle. : 
Before explaining how this comes about, it will be necessary to review briefly 
what is known of the parallel elastic components in muscle. That such structures 
must exist is clear from the fact that resting muscle can bear tension, though 
it has long been known that resting muscle is a very imperfect elastic body. 
Blix (1893) demonstrated that it did not obey Hooke’s law and that its 
elastic properties were markedly time-dependent, leading to hysteresis and 
after-extension. He attributed this behaviour to internal viscosity and 
experimented with visco-elastic model systems, but despaired of a quantitative 
solution to the problem. Later authors (Banus & Zetlin, 1938; Buchthal, Kaiser 
& Rosenfalck, 1951; Hill, 1952) have shown that the stress-strain curve is, to 


a first approximation, exponential. The time-dependent property has been 


analysed in two ways: either by supposing that the resting muscle contains a 

number of linearly damped elements with different time constants (Buchthal 
et al. 1951; Abbott & Lowy, 1957), or that it can be treated as a single ee 
element with highly non-linear properties (Stacy, 1957). 

With fairly slow stretch and release, say 10 min each way, hysteresis is not 
very great. We have obtained sets of stress-strain curves from the whole 
muscle that are similar in appearance to those obtained from single fibres 
(Buchthal et al. 1951, Fig. 12). If the muscle is held extended, the stress—strain 
curve shifts along the length axis in the direction of increasing length. Ac- 
cordingly, the tension measured at any given extension falls off with time. 
Similar behaviour is shown, but to a more striking degree, by smooth muscle 
(Abbott & Lowy, 1957). 
~ “These secondary phenomena make accurate prediction difficult, but they 
can be turned to some use. When a muscle is held at such a length that it 
exhibits resting tension, its series elasticity is affected (see Fig. 9). If the 
muscle is held continuously at this length, the resting tension falls progres- 
sively, and the change in the series elastic curve progressively disappears. This 
proves that it is the mechanical contribution of the parallel elastic component 
and not the length of the muscle as such that modifies the series elastic pro- 
perties of the highly extended muscle. The exact way in which the series and 
parallel elements act together must depend on the way in which these structures 
are arranged in the muscle. Two simple arrangements that have been suggested 
in the past are shown in Fig. 10, I and II (Hill, 1951c, p. 346, Fig. 6; _ 

1956, Fig. 19, respectively). 
We have made the following assumptions: 


1, that at rest the contractile component is freaky extensible; 


2, that in quick-release experiments on the active muscle there is not time for 


appreciable shortening of the contractile component to occur; and 
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4 3, that the active contractile component can go slack if its ends are approxi- 
mated, i.e. that it has no rigidity in compression. 


It is then possible to work out the quantitative relation between the load- 
- extension curves of the two elements and that of the whole muscle, for each of 
the two proposed models (see Jewell, 1958, for details). Fig. 10 shows load- 
_ extension curves made by the controlled-release technique on active muscle 
at L, (curve iui resting muscle at L,+10 mm (curve B) and active muscle at 
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Lo—1 Lo Lo+8 Lo+9 Lo+10 
Muscle length (mm) 
_ Fig. 10. Curves obtained by the controlled-release technique showing the tension and length 
changes in a muscle following: A. Release of active muscle from L, (load-extension curve of 
the series elastic component). B. Release of resting muscle from L, +10 mm (load-extension 
curve of the parallel elastic component). C. Release of active muscle from L, +10 mm. The 
expected form of this curve has been calculated for Model I (©) and for Model IT (@). The 
curves have all been corrected for the compliance of the external connexions, but not for 
active shortening of the contractile component. In the inset diagram, SEC =series elastic 
component; PEC = parallel elastic component; CC = contractile component. 


_ L,+10 mm (curve C), all corrected for the compliance of the connexions. The 
_ first two experimental curves have been used to calculate theoretical values for 
_ the third; these are shown as open circles for model I and filled circles for 
model II. Both sets of symbols fall so close to curve C that one cannot exclude 
either model. Considering the complex structure of the actual muscle it is very 
satisfactory that this analysis in terms of three undistributed elements works 


out as well as it does. | 
34 -PHYSIO. OXLII 
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The series elastic component at various times after a stimulus 

We have found that the controlled-release technique is more suitable for 
investigating this problem than the quick-release technique previously used 
(Wilkie, 1956). Our Fig. 11 is similar to Fig. 1 of the earlier paper, but the 
difference between curves which is found now is almost certainly significant, 
whereas that in the earlier paper could be, and was, discounted as being due to 
experimental scatter. Our conclusion is that the series elastic component does 
become slightly more compliant during relaxation. 


30 
© 0-41 and 0-3 sec 
02sec 
+ 0-4sec 
20 @ 0-5 sec 
» 0-6sec 


1-0 
Extension (mm) 
| shock. Frog sartorius: 60 mg, L, +29 mm, 0° C. If the curves are moved along the horizontal 
axis until their highest points coincide with the stress-strain curve obtained at 0-2 sec, then 
the shifted curves fall more and more to the right of this curve as the releases are made at 
later times after the stimulus. The dashed line indicates the position of the shifted 0-6 sec 
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The effect of temperature on the series elastic component — 


_ A set of measurements on a single muscle at various temperatures is shown 


in Fig. 12. Measurements at room temperature are difficult to make and 


_ probably not very accurate, for even using the fastest attainable speed of 
 telease, the active shortening of the contractile component is rather large; also 


7$r- 


Extension (mm) 


sartorius; 80-3 mg, L, 32 mm; the same muscle as in Fig. 9. The load—extension curve at 0° C 
is the mean of five determinations and the range of variation is shown by a horizontal bar 
at each point. The curves obtained at 10-8 and 21-7° C have been shifted horizontally to make 
their highest points lie on the 0° C curve. Not corrected for the compliance of the connexions 


. at the high speed there are uncertainties about inertial reaction, diss 
_ response of photocell system, etc., that make the labour of correcting for active 
# - Shortening seem scarcely worth while. However, all the difference between the 
" _ curves probably does not arise from these causes, so that the series compliance 
i ; - be slightly greater at the higher temperature. 
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The effect of hypertonic Ringer’s solution on the series elastic component 
This is shown in Fig. 13. Soaking for 30 min in double-strength Ringer’s 
solution reduces the series compliance almost to one half its normal value. 
The change is reversed on replacing in normal Ringer’s fluid. Hypertonic 


Load (g wt.) 


) 0-1 
Extension (mm) 

Fig. 13. The effect of hypertonic Ringer’s fluid on the series elastic component. Frog sartorius 
0° C; 32 mm, 74 mg; controlled release technique at 300-400 mm/sec; all curves corrected 
for compliance of connexions. ({), normal Ringer’s fluid, mean of 4 determinations. @, in 
2 x Ringer’s fluid; concentration of all solutes except phosphate has been doubled; mean of 3. 
O, control determinations after return to normal Ringer’s fluid, mean of 3. — 


0 
( 


solutions greatly reduce the intrinsic speed of the muscle (Howarth, 1957) and | 


may have the effect of damping any parts of the series elastic component that 
are distributed along the muscle fibre, so that their compliance cannot be 
detected during quick changes of the length of the muscle. 
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THE ANATOMICAL SITES OF THE SERIES AND PARALLEL 
ELASTIC COMPONENTS 


Series component 


. The question has often been posed whether the series elastic component is all 
in the tendinous ends of the muscle or whether part of it may be located within 
- the microstructure of the muscle fibres (see e.g. Buchthal et al. 1951, p. 168; 
~ Wilkie, 1950). These two possibilities correspond roughly with models II and I, 
_ respectively, in Fig. 10, so that it is a pity that mechanical analysis did not lead 
 toaclear decision between them. The failure of the series component to change 
~ gubstantially with muscle length, temperature or time after a single shock 
points to its being in an inert region of the muscle and probably excludes the 
possibility that it is in the A or I filaments or the bonded region between them 
~ (see Hanson & Huxley, 1955). This leaves only the Z disk, as suggested earlier 

by Szent-Gydrgyi (1953). 

_ Some indication of the amount of stretch in the tendon during isometric 
contraction can be obtained by direct observation of the contracting muscle. 
_ By recording the movement of marks on the muscle (either pieces of black 
thread or spots of fluorescent dye) Fischer (1926) and Csapo & Mashima (1957, 


and private communication) have shown that the middle of the muscle 


_ shortens and stretches out the ends. However, the stretched ends are not the 
_ same thing as the series elastic component, for the movements of the former 
- must be highly damped by the contracted muscle fibres that they contain. 
_ As explained above, such damped elements will not contribute to the measure- _ 
- ments of the series elastic component. In order to locate the site of the 
_ undamped elastic regions one would have to record the length changes in 
_ different parts of the muscle during the actual course of a quick release from 
_ one tension to another. This would certainly be very difficult to do, for the 

_ total length change is only about 0-5 mm and it takes place in less than 5 msec. 
_ Asimpler experiment that gives almost as much information is to examine a 
- muscle microscopically during a tetanus. If the contraction were perfectly 
_ isometric, the musele perfectly uniform in strength and the series elastic 
component uniformly distributed along the length of the muscle fibres, no 
_ movement would be detected. From the movements that do occur it is possible 
_ to assess how accurately the above conditions are satisfied and, in particular, 


_ whether much of the stretch takes place in the anatomical tendons. The muscle 


: was mounted on the usual. multi-electrode assembly in Ringer’s fluid and 
_ tetanized for 1 sec each minute. At room temperature the tetanic plateau 
| lasts quite long enough to permit one to make measurements of the movements 


of marks on the surface of the muscle through a binocular microscope. Carbo- 


- rundum particles (J. R. Hill, 1957), scattered on the surface from a fine brush, 
_ are very suitable for the purpose. The results of three such experiments are 
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shown in Fig. 14, from which it is clear that there is a good deal of variation 


from one muscle to another. 

Less than 0-2 mm of tendon is normally visible at the tibial end of the muscle 
between the knot and the muscle fibres, and although the distal part of the 
muscle does stretch slightly, it is clear that only a negligible amount of this — 
stretch takes place in the tendon proper. At the pelvic end the muscle fibres 
are inserted into a sheet of tendon attached to the pelvic bone and this 
stretches appreciably, up to 0-25 mm, under full tetanic tension. Even so, the 


Movement (mm) 


Pelvic end Distance from pelvic end (mm) Tibial end 


Fig. 14. The movement of marks on the surface of a frog’s sartorius muscle during a 1 sec tetanus 
at 18-20° C. Abscissae: Original position of mark in mm from pelvic end. Ordinates: Move- 
ment of mark in mm, measured along the mid line, to left or right (i.e. towards pelvic or tibial 
end). Positive slope indicates local shortening and negative slope indicates local stretching; 
unit slope (45°) corresponds to 10% local length change. The ordinate at the extreme right- 
hand end of each curve shows the movement of the knot, that is, the stretch in the con- 
nexions. Solid lines, muscle at body length; dashed lines, muscle extended. A. 53-0 mg 
muscle, seen from skin side L,=32 mm. B. 140-0 mg muscle, seen from skin side, L, =35 mm. 
C. 67-4 mg muscle, seen from bone side, L, =32 mm. : 


total stretch in the anatomical tendons accounts for only about one half the 
measured series compliance, the remainder probably being distributed along 
the muscle. The same conclusion is strongly, though indirectly, suggested by 
the demonstration that hypertonic solutions reduce the measured series com- 
pliance to about one half of its normal value. | 
_ The maximum local shortening encountered was 25 % (Fig. 140, 5 mm from 
pelvic end); but this took place in only 1 mm of the muscle. Elsewhere, as in 
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most of A and B, the length changes were much smaller. The most striking 
movements to be seen are those between the middle of the muscle and its 
edges, which sometimes move in opposite directions. 

If the muscle is extended by 8-10 mm before stimulation, the movements 
are smaller and more uniform from one muscle to another, and in every case 
the pelvic end shortens somewhat, stretching out the remainder of the muscle. 
_ There is certainly no sign that instability results from stretching the muscle, 

as was predicted earlier (Hill, 1953). 


Parallel component 


Af Fig. 10 has been interpreted correctly, the parallel elastic component is 
_ the same in resting and in active muscle. This helps to justify what has often 
been assumed implicitly, that in the tension—length curve one may subtract 
the resting tension from the total tension in order to determine the active 
contribution of the contractile mechanism (see Hill, 1953; Banus & Zetlin, 


1938). Banus & Zetlin were able to show that the connective tissue sheath, 


_ when present, was the most important site of parallel elasticity in whole 
muscle and that it determined whether the tension—length curve of the active 
muscle had a hump and dip (as in the frog’s sartorius) or was monatonic (as in 
frog’s gastrocnemius). 


In the case of single isolated fibres the situation is less clear since there’ 


_ appears to be a conflict of evidence between Ramsey & Street (1940) and 
Casella (1951) over the question whether the sarcolemma can support the full 
_ resting tension. It seems likely to us that both parties may have been right 
but that their techniques of dissection were slightly different, for Ramsey and 
Street’s active tension—length curves show a very pronounced hump and dip, 
indicating weak parallel elastic structures, in contrast to those of the Buchthal 
school (see e.g. Buchthal e¢ al. 1951, Fig. 50) which have no dip at all, indicating 
that stronger structures had been spared by the dissection. Whether the 
contents of the resting muscle fibre have any tensile strength is not known for 
certain. One attractive hypothesis is that resting tension is borne by the H 


: filaments that link together the ends of the myosin filaments. However, these — 


_ appear to be too flimsy for the purpose (H. E. Huxley, private communication). 


| SUMMARY 
1, Anattempt has been made to test the theory that the form of the isometric 
_ Myogram is governed by the isotonic force-velocity curve and the stress-strain 
curve of the series elastic elements. In order to do this, all three curves have 
_ been accurately measured on the same muscle at the same.time, at 2° C. 
_ 2. Itis found that the theory. predicts a faster rise of tension than is actually 
_ observed experimentally. 
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3. It is shown experimentally that the initial development of tension is 
slower than redevelopment of tension after a release. This probably indicates 
that the active state takes some time, approximately 60 msec, to become fully 
established. 

4, The theory of the myogram is based on the assumption that the force- 
velocity relation is instantaneously obeyed. Our experiments show that the 
velocity of active shortening does change very quickly when the tension on the 
muscle alters. The change is seen to be complete within 6 msec, though the 
actual delay in the muscle may well be much less. 

5. We have also examined critically the other assumption, that the isotonic 
quick-release method does measure the effective series elasticity. Comparable 
measurements by the more familiar controlled-release method give similar 
results and all lead to a lower estimate of the series compliance than the 
currently accepted value (2% length change instead of 3% for the full 
isometric tension). 

6. Great care was taken to eliminate stray compliance from the connexions 
and to correct for whatever compliance remained. The correction is greatly 
facilitated by choosing suitable materials for the connexions. This problem is 
dealt with in an appendix, 

7. If the recording apparatus and connexions are made sufficiently in- 
extensible. the twitch tension varies only slightly with change in temperature. 
Usually the twitch tension decreases with rise in temperature, but sometimes it 
increases, 

8, As the muscle length is changed from 10 mm below to about 4 mm above 
body length, the measured series elasticity hardly alters. However, at still 
greater lengths the measured compliance increases; this can be quantitatively 
_ accounted for by supposing that parallel elastic components have begun to 
participate. 

9. At late times after a single shock, the series elastic component becomes 
slightly more compliant. 

10. Measurements at higher temperatures are not very reliable, but they 
indicate that the series compliance increases when the temperature is raised. 

11. In hypertonic Ringer’s solution the series compliance is reduced almost 
to half its usual value. 

12. The anatomical sites of the series and parallel elastic components are 
discussed. Direct microscopic observation of the contracting muscle shows 
that about half the series compliance is in the pelvic tendon. The remainder is 
probably distributed along the muscle fibres. 


We wish to thank Professor A. V. Hill for lending us his Levin-Wyman ergometer, for en- 
couraging us to look for non- -uniformities in the muscle and, in general, for refusing to believe our 
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THE EFFECT OF PICROTOXIN ON PERIPHERAL — 
INHIBITION IN THE CRAYFISH 


By J. ROBBINS* anv W. G. VAN DER KLOOT+ 
Department of Zoology, Cornell University 


(Received 27 May 1958) 


The experiments of Biedermann (1887) and of Hoffmann (1914) on peripheral 
inhibition in crustacean muscle have given us an accessible preparation for 
the study of an inhibitory process. Since that time it has been clear that the 
discovery of a drug which blocked peripheral inhibition might open the way for 
a chemical understanding of the inhibitory process. A search for this drug 
was undertaken by Ellis, Thienes & Wiersma (1942) who tested numbers of 
chemicals without avail. So far only one drug has been found to block peri- 
pheral inhibition. The effective drag 1 is pends (Van der Kloot, Robbins 
& Cooke, 1958). 

In this paper we shall give the reasons for believing that picrotoxin : 
selectively interferes with the inhibitory process and shall report experiments 
conducted to uncover the site and manner of action of the drug. It is worth 
remembering at the onset that picrotoxin when injected into either a verte- 
brate or a crustacean (Florey, 1951) has a convulsant effect. Moreover, the 
physical events occurring in the crustacean peripheral inhibitory process 
resemble in many ways the physical events occurring at those inhibitory 
synapses of vertebrates which have been studied in detail (Eccles, 1957). 
These facts suggest that the action of picrotoxin on crayfish muscle may be of 
some general interest. 


Animals. The experiments were performed on the crayfish, Orconectes immunis (Hagen). 


he ‘The animals were collected near Ithaca, N.Y, Collections were made about every 4 days and the 


crayfish were stored in tanks of either pond or running tap water. Some of the crayfish were kept 
in C umd trough’ wowly to races tempersvare before being used in an 
experiment. 


_  * Present address: College of Physicians and Surgeons, Columbia University, New York City, 
N.Y. 
Present address: of Pharmacology, New York University College of Medicine, 
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Preparations. The innervation of the opener muscle of the claws of Orconectes immunis is 
apparently similar to that found in the crayfish Cambarus clarkii by Marmont & Wiersma (1938). 
The muscle is innervated by an excitatory (E) and an inhibitory (I) fibre. Every one of the muscle 
fibres of the opener muscle is innervated by a number of filaments from both the I and the 
E fibre (van Harreveld, 1939), Each of the two fibres runs from the central nervous system 
through the entire claw. In the meropodite segment of the claw the two fibres run in separate 
bundles. 

The claw was prepared in a fashion similar to that employed by Ellis et al. (1942). The mero- 
podite segment, containing the fibres, was immersed in perfusion solution held in a small container. 
The nerve bundles containing the E and the I fibres were placed on separate monopolar platinum 
stimulating electrodes which were mounted on micromanipulators. A common earthed platinum 
electrode dipped into the small container and completed the: stimulating circuit. The fibres 
were raised out of the perfusion solution on the electrodes for stimulation. 

The fibres were stimulated with 0-5 msec square pulses from two stimulators, one connected 
with the I fibre and the second connected with the EF fibre, The outputs of the stimulators passed 
through switches arranged so that-cue E and I fibres could be stimulated separately or simul- 
taneously at the same or at different frequencies. Each of the stimulating circuits also included 
a 0-5 MQ resistor to insure that any currents induced in the leads would not affect the fibres. The 
tip of the dactylopodite was attached to a thread which led to an isotonic lever writing on a 
kymograph drum. The experiments were performed at 16-18° C. In most of the experiments the 
claw was perfused through a plastic tube slipped over the cut end of the propodite so that per- 
fusion fluid flowed directly over the opener muscle. 

Perfusion fluid. The perfusion fluid was made by adding 56 ml. of 0-2m Tris-maleate buffer to 
945 ml. of a solution which contained (g): NaCl 12-0, KCl 0-4, MgCl,.6H,O 0-5 and CaCl, 1-5 
(van Harreveld, 1936; Elliott & Florey, 1956). The pH of the perfusion fluid was varied in the 
experiments as will be described. 
 Picrotoxin, The picrotoxin was obtained from the Fisher Chemical Co. Because dissolved 
picrotoxin is labile in solution, fresh picrotoxin solutions were prepared for each experiment. 
The crystalline drug was added to perfusion fluid, with shaking, at least 15 min before use. 

Measurement of inhibition. Two methods for measuring the extent of inhibition were used. 
In the first method the E fibre was stimulated at 60/sec. The measurement was of the frequency of 
I fibre stimulation needed to give just complete inhibition of the contraction when both the E and 
I fibres were siniultaneously stimulated from the onset. In the second method the E fibre was 
again stimulated at 60/sec, and the I fibre was simultaneously stimulated at the onset at a known 
frequency. From the records the percentage inhibition was measured, which was defined as: 


Co = Cet | (1) 
where C, is the initial rate of contraction when the E fibre alone was stimulated at 60/sec, and 
C,, is the initial rate of contraction when the E and I fibres were stimulated simultaneously from 
the onset. The rates of contraction were computed from measurements of the angles between the 
tracings of the contractions and the base line. 

Periodically during an experiment, series of recordings were made, The muscle was perfused 
in the intervals between series. When recordings were being made the muscle was allowed to rest 
for 7 sec between stimulations. The first three contractions of each series, one of which included 
stimulation of the I fibre, were not included in the results because of the variation due to 
developing facilitation. During each series the value of C, was determined several times by stimu- 
lating the E fibre alone. In calculating percentage inhibitions, C, and C,, were always measured 
from neighbouring contractions. Occasionally the I fibre was stimulated alone; in our experiments 
this never caused a contraction of the opener muscle (Ellis e¢ al. i 
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: RESULTS 
The effects of picrotoxin 
Wher ais senate (E) fibre of the opener muscle was stimulated at 60 im- 
_ pulses/sec, the muscle contracted and pulled the dactylopodite downward. 
This movement was traced on the recording paper as a smooth upward 
deflexion (Fig. 1a). However, when the inhibitory (I) fibre was stimulated at 


60 impulses/sec during the contraction, the tracing fell to the base line, 
} indicating that the contraction of the opener muscle was completely inhibited. 


| 60 60 


1 sec 


Fig. 1. The effects of stimulating the E and I fibres running to the crayfish opener muscle and the 
; action of picrotoxin. An upward deflexion of the signal trace indicates stimulation of the 
Ve fibre at the rate shown above the signal. a-d, before picrotoxin was introduced; e-h, after | 
: bathing the muscle in 10~‘m picrotoxin. 


At the end of the I fibre stimulation the contraction promptly resumed. When 
_ E stimulation was ended, the muscle relaxed. Fig. 1 illustrates the effect of 
I fibre stimulation at 20/sec interposed in the midst of a contraction pro- 
_ duced by E fibre stimulation at 60/sec. The contraction was inhibited, but at a 
slow rate and to a small extent. 
When the E and I fibres were dtintabind simultaneously at the outset, 
E each at 60/sec (Fig. 1c), the contraction was completely inhibited until the 
_ I fibre stimulation was ended. Then a fast contraction was recorded which 
lasted for the duration of the E fibre stimulation, When the I fibre was stimu- 
lated at only 20/sec, a contraction occurred (Fig. 1d), but the contraction 
was markedly reduced in rate, showing that inhibition was present but not 
_ complete. Records of this type have long been familiar to those monyng 
inhibition. 
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After these records were taken, the claw was bathed for several minutes in 
10-m picrotoxin, and then the same series of stimulations was repeated 
(Fig. le-h). Now stimulations of the I fibre at 60/sec no longer produced 
complete inhibition, and I fibre stimulation at 20/sec gave almost no observ- 


able effect. Plainly the introduction of picrotoxin greatly reduced the effects _ 


of I fibre stimulation. 


The reversibility of the prorotowin effect 

After picrotoxin had reduced the effects of I fibre stimulation in experiments 
similar to those just reported, the claw was washed with perfusion fluid until 
it was free from picrotoxin. The inhibitory effects of I fibre stimulation then 
progressively reappeared until the original tracings could be reproduced under 
the same conditions of stimulation. Clearly the effects of picrotoxin are 
reversible. These experiments also prove that the disappearance of the in- 
hibitory effect: in the presence of picrotoxin did not come about because the 
inhibitory system was fatigued. The decreasing effect of I fibre stimulation 
was certainly owing to a specific action by the picrotoxin. 


Picrotoxin and the excitatory system 

It cannot yet be concluded that picrotoxin acts on the inhibitory system, 

for the extent of inhibition in a normal preparation depends on the frequency 
of E fibre stimulation as well as on the frequency of I fibre stimulation (Mar- 
mont & Wiersma, 1938). More specifically, the degree of inhibition depends on 
the ratio of the frequency of I fibre stimulation to the frequency of E fibre 
stimulation. 
_ The consequence of this is that there are two possible ways in which 
picrotoxin could appear to reduce the effectiveness of inhibition. The picro- 
toxin may decrease the ability of a given frequency of I fibre stimulation to 
cause inhibition. Or, the picrotoxin may increase the ability of a given fre- 
quency of E fibre stimulation to cause contraction (Ellis et al. 1942). Either 
eventuality would present the same outward effect. 

There is good reason to believe that picrotoxin has no direct effect on the 
excitatory mechanism. In Fig. 1, for example, the initial rate. of contraction, 
during E fibre stimulation, is about the same before and after the application 
of picrotoxin. Additional experiments prove this point more conclusively. 
Fig. 2, for example, illustrates the changes in excitation and in inhibition 
produced by the perfusion of 10-*m picrotoxin into a claw. When the drug 
was present, there was no significant change in the rate of the contraction 
_ produced by stimulation of the E fibre. But at the same time simultaneous 
stimulation of the I fibre was becoming almost totally ineffectual. Similar 
results were obtained from all of ovr preparations and there was no sign that 
picrotoxin ever significantly enhanced the effects of E fibre stimulation. This 


/ 5 
~ 
4 
cay 4 
a 
\ 
fi 
a 
a 
ed 
‘a 
a 
a Als 


PICROTOXIN AND PERIPHERAL INHIBITION 545 


shows that picrotoxin does not cause repetitive firing of the E fibre because 
repetitive firing would be expected to lead to an enhanced contraction. — 
The experiments also showed that even with picrotoxin present the muscle — 
contracted only when the E fibre was stimulated; and the muscle invariably 
relaxed promptly at the end of stimulation. Therefore, picrotoxin does not 
- gause spontaneous firing or lead to repetitive after-discharge in the excitatory 

fibre—both of which are common hazards in experimenting with crustacean 
excitatory nerves. Furthermore, either before or after picrotoxin perfusion, 
[fibre stimulation never caused a contraction. Nor was the rate of a contrac- 
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. Fig. 2. The effect of 10-*m picrotoxin on excitation and inhibition in the crayfish opener muscle. 
a, the rate of contraction in response to E fibre stimulation at 60/sec, expressed as a percentage 
of the first contraction; 5, the percentage inhibition when the E and I fibres were stimultane- 
ously stimulated at 60/sec from the onset. 


_ tion caused by E fibre stimulation ever enhanced by simultaneous stimulation 
of the I fibre (as was the occasional experience of Ellis e¢ al. 1942). 

We have concluded from these observations that picrotoxin does not inter- 
 fere in any way with the excitatory mechanism. Some step in the inhibitory 
_ process must be the target of the drug. 


pH and picrotoxin 

: The egeiniors and inhibitory systems of the opener ee of the crayfish 
. claw were studied in a series of experiments in which the perfusion fluid was 
_ varied between pH 6-5 and 7:8. Over this range the excitatory and inhibitory 
- systems continued to function, Similarly, picrotoxin was able to block 
inhibition at pH’s ranging from 6-5 to 7:8. 
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Quantitative measures of the action of picrotoxin 
As was explained in the section on Methods, two techniques were devised 
for quantifying the action of picrotoxin on the inhibitory process. In the 
first of these methods, we measured the frequency of I fibre stimulation 
necessary just completely to inhibit the contraction arising from E fibre 
stimulation at 60/sec (the E and I fibres were stimulated simultaneously at the 
onset; cf. Marmont & Wiersma, 1938). It was assumed that if the effectiveness 


Change in frequency of | fibre stimulation 


35 


Time (min) 
Fig. 3. The effect of picrotoxin on the frequency of I fibre stimulation needed to give just complete _ 
inhibition when the E fibre was stimulated at 60/sec. Picrotoxin perfusion was begun at 
time 0. When two points are given at the same time, the upper point shows the lowest 
change in I frequency tested which gave complete inhibition; the lower point shows the 
highest change in I frequency tested which failed to give complete inhibition. A single point 
gives the highest change in I frequency tested which was unable to give complete inhibition. 

O, 10-*m picrotoxin; A, 10-*m; @, 10-'m; 10-*m; without picrotoxin. 


of inhibition changed, then the rate of I fibre stimulation needed to obtain 
just complete inhibition would be changed also, as long as the rate of E fibre 

stimulation and the effectiveness of the excitatory process remained constant. 

The results have already shown that there is no change in the excitatory 

process. 

The results of some representative experiments are plotted as Fig. 3, After 
picrotoxin was added, the I fibre had to be stimulated at higher rates to pro- 
duce just complete inhibition. High concentrations of picrotoxin acted very 
rapidly. Within 1 min after 10-*m picrotoxin was perfused into the claw, an 
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increase in I fibre stimulation frequency of 90/sec would no longer give com- 
plete inhibition. 

Lower concentrations of picrotoxin worked somewhat more slowly. Never- 
theless, within minutes after the perfusion of 10~ or 10-5m picrotoxin an 


increase in the frequency of I fibre stimulation of 90/sec was not sufficient 
to give just complete inhibition. The effect of 10-*m Picrotoxin was more 
variable. In two experiments there was a significant increase in the frequency 
_ of I fibre stimulation needed for just complete inhibition. In a third experi- 


ment 10-*m picrotoxin was without effect. picrotoxin is 


6 
£ 60r 
40 
a 
20r 
0 10 20 30 40 50 ee 80 90 
Time (min) 


Fig. 4. The percentage inhibition produced by stimulating the I fibre at 60/sec when the E fibre 


was stimulated simultaneously at 60/sec from the onset. The results are from the same experi- 
ments as those plotted in Fig. 3. [), 10-*m; O, 10-*m; A, 10-*m; @, without picrotoxin. 


_ close to the greatest dilution of the drug having an observable effect. Since 


the increase in the rate of I fibre stimulation needed for just complete in- 
hibition varies with the concentration of the drug and since there is no change 
in the preparation when the perfusion fluid is free of the drug, it seems clear 


_ that the observed effects are due to picrotoxin. The experiments also show 


that under the perfusion conditions the drug is rather rapidly en veyes to its 
site of action in the neuromuscular apparatus. 

The action of picrotoxin was also measured by the second technique 
described in Methods. The E fibre and the I fibre were simultaneously stimu- 
lated from the onset at 60/sec. The percentage inhibition was then calculated 
from the records, The results of some of these experiments, using different 
concentrations of picrotoxin, are plotted in Fig. 4. Before picrotoxin was 
perfused into a claw, the simultaneous stimulation of the E and the I fibres 


at 60/sec gave — inhibition. That is, the percentage inhibition was 100. 
35 ‘PHYSIO. OXLIII 
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The figure shows that within 10 min after a claw was perfused with 10» 
picrotoxin, I fibre stimulation at 60/sec became largely ineffectual; the per- 
centage inhibition dropped to 10. The figure also shows that lower concentra- 
tions of picrotoxin blocked inhibition to lesser extents and at slower rates, 
the extent of the reduction depending on the concentration of the drug. 


Further experiments gave results similar to those presented in Fig. 4, but the extent to which 
inhibition was blocked varied somewhat from preparation to preparation. Extreme variability 
was encountered when using 10-*m picrotoxin. Here the final percentage inhibition after picro- 
toxin perfusion varied from 10 to 90. This variation may reflect differences in the frequency of 
I fibre stimulation needed to inhibit contraction completely from one preparation to the next. 
This is discussed below. 


So far, the two methods for quantifying the effect of picrotoxin have led 
to similar conclusions. Both methods have been presented because they may 
assist other investigations. The first method has the advantage of speed and 
convenience, but the second method can be extended to yield more information. 
It was instructive, for example, to stimulate the E fibre at 60/sec while the 
I fibre was stimulated at several frequencies. Some of the results of such an 
experiment are given as Fig. 5. The claw selected in this experiment was 
unusual in that I fibre stimulation as low as 21/sec or higher gave just 
complete inhibition (most claws required I fibre stimulation of at least 
53/sec to give just complete inhibition). Then 10-°m picrotoxin was perfused 
into the claw. Shortly thereafter the effect of I fibre stimulation at 21/sec 
began to decrease rapidly. Before stimulation at 21/sec became totally 
ineffectual, stimulation at 60/sec began to lose effect. Somewhat later, 
stimulation of the I fibre at 150/sec also became incapable of producing 
complete inhibition. After about 100 min a steady state was reached, and 
there was no further change in the effects of I fibre stimulation at 60 or at 
150/sec. 

When the claw was washed free from picrotoxin by rapid perfusion, the _ 
effect of I fibre stimulation began to return to normal; the sequence of changes 
was almost the reverse of the events following the introduction of the drug. 
The experiment again demonstrates the reversibility of the picrotoxin effect. 
After partial recovery from the 10-'m picrotoxin, the same claw was perfused — 
with 10~* picrotoxin (not shown in Fig. 5). Once again the inhibitory effect 
of I fibre stimulation at all frequencies was rapidly decreased. 


As was pointed out before, the preparation used in this experiment was unusual because 
complete inhibition was initially produced by stimulating the I fibre at the low frequency of 


_ 2i1/sec. The results show that after the introduction of picrotoxin the inhibition caused by the _ 


lowest frequency of I fibre stimulation was interfered with first. Only later was there a detectable — 


effect on the inhibition caused by higher frequencies of I fibre stimulation. This result shows that 


to compare legitimately the quantitative effects of picrotoxin on different claws it is necessary to 
choose preparations with similar rates of I fibre stimulation for just complete inhibition when 
the E fibre is stimulated at 60/sec. In the experiments summarized in Figs. 3 and 4, claws were 
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selected which were just completely inhibited by I fibre stimulation at 53-57/sec. In other 
experiments greater differences from animal to animal may account for some of the variability in 


the results. 
The effect of picrotoxin on the inhibitory fibre 

The results set forth so far could all be accounted for if picrotoxin selectively 
_ interfered with the generation or conduction of impulses in the inhibitory 
fibre. For example, the refractory period of the I fibre might be lengthened 
by picrotoxin, so that only some of the electrical stimuli are effective. The 
possibility that picrotoxin acts directly on the I fibre was tested in the 
- following manner. 
The claw was set up as described in Methods. The muscle was washed with perfusion fluid, while 
both the E and the I fibres were soaked in a small container filled with 10-‘m picrotoxin. By this 
means the muscle was kept free from picrotoxin while the main length of each fibre was exposed to 
the drug. The cathodal stimulating electrodes were placed on the picrotoxin-bathed segments of 


picrotoxin-soaked fibre. 


fluid 


gt 


+ 


(min) 
Fig. 5, The percentage inhibition produced by three different frequencies of I fibre stimaslation, 
while the E fibre was stimulated at wer Rate of stimulation of I fibre, @, 21/sec; O, 
60/sec; +, 150/sec. 


In a typical experiment the fibres were soaked in 10-*M picrotoxin for 23 min. 
During this period the frequency of I fibre stimulation required to produce 
just complete inhibition remained at about 56/sec. Then some of the 10-*m 
picrotoxin was run over the muscle. Within iess than 5 min I fibre stimulation 
at 150/sec could no longer inhibit the contraction completely. It seems certain 
from this and similar experiments that the sas does not affect the main 
axon of theI fibre. 


DISCUSSION 
The results show that picrotoxin can block peripheral inhibition in the crayfish. 
It was shown that the inhibitory system is affected by the drug, since the 
excitatory system is untouched. Furthermore, the observations conclusively 
show that the action of picrotoxin is reversible since the effect of the drug 
85-2 
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disappears after the preparation has been thoroughly washed with perfusion 
fluid. : 

The exact site and manner of action of picrotoxin are more difficult to 
determine. The experiments which demonstrated that soaking the I fibre in 
picrotoxin did not affect inhibition assure us that the drug does not act on the 
main portion of the axon of the I fibre. This conclusion is important, because 
Ellis e¢ al. (1942) found several drugs which acted on the crustacean nervous 
system by altering the excitability of the fibres. Our experiments do not, 
however, rule out the possibility that picrotoxin may selectively block 
conduction in the fine filaments of the I fibre which branch profusely over 
the surface of the muscle. | 

Another possibility is that the picrotoxin interferes with transmission at 
the junction between the I fibre and the muscle. Suppose, for example, that 
inhibition requires the release from the I fibre ending of a chemical, an in- 
hibitory transmitter, which then reacts with a receptor in the muscle. If this 
is the case, there are several ways in which picrotoxin might interfere with 
the chemistry of transmission. | 

One possibility is that picrotoxin prevents the enzymic break-down of the 
inhibitory transmitter. The resulting accumulation of the transmitter might 
_ block inhibition. A loose analogy would be the accumulation of acetylcholine, 


which can block transmission at cholinergic synapses. But the results rule — 


out this interpretation. As shown in Fig. 5, the degree of inhibition in a 
_ picrotoxin-treated claw depends on the frequency at which the I fibre is stimu- 
lated. For example, after perfusion with 10-*m picrotoxin, stimulation at 
150/see gave 70% inhibition, stimulation at 90/sec gave only 10% inhibition, 
and stimulation at 21/sec gave no inhibition whatsoever. If the inhibitory 
effect. were reduced by an overabundance of the transmitter, then 150/sec 
should produce less inhibition than 60 or 21/sec. The same experiments showed 
that picrotoxin affected the inhibition by I fibre stimulation at 21/sec before 
the effect of stimulation at 60 or 150/sec was touched. If picrotoxin acted by 
promoting an accumulation of the transmitter, then the inhibition produced 
by the higher frequencies of I fibre stimulation should have been affected 
first. A final point is that if picrotoxin were preventing the destruction of 
the inhibitory transmitter, then inhibition should be enhanced before it is 
blocked. We never saw enhancement of inhibition as a result of picrotoxin 
(see Fig. 3). It can be concluded that picrotoxin does not act by preventing 
_ the destruction of an inhibitory transmitter. 

Thinking further about a chemical mechanism for inhibitory transmission, it 
seems possible that picrotoxin could act by preventing the release of the trans- 
mitter. By analogy with the vertebrate neuromuscular junction, picrotoxin 
would be acting like magnesium ion or like botulinum toxin, which prevent 
_ the release of acetylcholine from the motor nerve endings (Hutter & Kostial, 
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1954; Brooks, 1956). Or picrotoxin may combine with the receptor for the 


inhibitory transmitter, thus acting like curare at cholinergic junctions. 
From the present data there is no certain way to decide between these two 
alternatives. 

However, the interpretation that picrotoxin combines with a receptor 
molecule for the inhibitory transmitter is strongly supported by the results 
of Elliott & Florey (1956), who showed that picrotoxin blocked the inhibitory 
action on the crayfish stretch receptor of their Factor I, which is extracted 
from the mammalian central nervous system. Factor I also inhibits the 
crustacean neuromuscular system (Florey, 1956). These experiments still 
left the possibility that Factor I might act by promoting the release of the 


- inhibitory transmitter from the I fibre ending. This possibility was ruled out 


by Florey’s (1957) observation that picrotoxin also blocks the action of an 
inhibitory chemical obtained in the perfusate of the crayfish heart during 
stimulation of the I fibre. Therefore, it seems probable that picrotoxin has 
‘curare-like’ action at these inhibitory junctions. 

This conclusion is particularly important when recalling the interpretation 
of peripheral inhibition reached by Fatt & Katz (1953) from a study of the 
junctional potentials in crustacean muscles. Fatt & Katz concluded that the 
junctional potentials could be accounted for if the E and the I transmitters 
competed for a common receptor molecule in the post-junctional membrane. 
The present experiments and the results of Florey (1957) suggest that picro- 
toxin and the I transmitter have a common receptor. But picrotoxin does not 
affect the contraction produced by stimulation of the E fibre. This result shows 
that the E transmitter, the I transmitter, and picrotoxin cannot all be 
reacting with the same site on a common receptor molecule. 

In conclusion, it is worth remembering again that picrotoxin is a convulsant 
when injected into a vertebrate. In mammals, picrotoxin is known to act on 
the mid-brain and medulla, its effects are less prominent on the cerebral 
cortex, and it acts on the spinal cord in large doses only (Goodman & Gilman, 
1956). It is known that there are inhibitory synapses in the central nervous 
system, so it seems quite possible that picrotoxin may also act in the verte- 


brate by certain synapses. 


SUMMARY 


1. Picrotoxin blocked peripheral inhibition in the opener muscle of the claw 
of the crayfish, Orconectes immunis. 
2. The effect of picrotoxin was eliminated by Magen: the preparation free 
of the drug. 
8. Pierotoxin by itself does not cause muscular contractions, and the con- 
tractions of the opener muscle elicited by stimulating the motor abe are also 
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unaffected by the drug. Therefore, picrotoxin seems to have no effect on the 
excitatory system. 

4. The lowest concentration of picrotoxin found to interfere with inhibition 
was 10-*m. Picrotoxin was active over the pH range tested, which was from 
pH 6-5 to 7-8. 

5. Picrotoxin does not interfere with conduction in the main axon of the 
inhibitory fibre. 

6. Two methods are described for quantifying the action of a ~~ on 
peripheral inhibition. 

7. Picrotoxin does not interfere with the enzymic destruction of an 
inhibitory transmitter substance. 

_ 8. The evidence indicates that picrotoxin may block inhibition by com- 
bining with a receptor for the inhibitory transmitter. 


This investigation was supported in part by a research grant B-1089 from the National Insti- 
tute of Neurological Diseases and Blindness, Public Health Service and by the Sackett Funds of 
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TRANSMISSION OF EXCITATION THROUGH THE GANGLIA 
OF MYA (LAMELLIBRANCHIATA) 


By G. A. HORRIDGE 
From the Gatty Marine Laboratory, University of St Andrews 


(Received 2 June 1958) 


The common clam (Mya arenaria) is a bivalve mollusc with a shell up to 9 cm 
long. A greatly extensible siphon extends to the surface of the estuarine muds 
from which the animals are dug at low tide. The nervous system consists of 
several main bundles and ganglia, and proves to be favourable material for 
the study of temporal and spatial summation. The responses are relatively 
slow and the effects of stimulation are long lasting. The nervous system of this 
group of animals has hardly been investigated by electrophysiological methods 
‘and therefore a general survey has been made. A few observations on other 
bivalves, Hnsis (razor-shell) and Mytilus (mussel), lead to the expectation that 
the findings described for Mya are typical of the group. 

The form of the shell of a typical bivalve molluse and its familiar protective 
closure are adaptations which are inseparably linked together. The muscles 
which withdraw the edges of the mantle and the siphons are widely dispersed. 
Nerve fibres which supply these muscles run from the cerebral ganglia in the 
anterior pallial nerves on each side and from the visceral ganglia in the 
posterior pallial nerves, of which the siphon nerves are branches. The corre- 
sponding left and right nerves each supply muscles on their own side, so that 
_ regions of the mantle edge which are fused or in contact are supplied by nerves 
which run independently for a relatively great distance from the corresponding 
ganglia of their own side. The present study is primarily of the co-ordination 
of fast efferent impulses to these muscles during the closure response. : 

In many groups of animals a rapid withdrawal from an unpleasant stimulus 
is effected by the synergic contraction of a large number of muscle cells which 
are indirectly co-ordinated by a few rapidly conducting giant internuncial 
nerve fibres. These giant fibres have two features which appear to depend on 
their relatively large size; they conduct rapidly and they excite motor neurones 
at the first impulse, This general situation holds in a broad way for the giant 
internuncial fibres of coelenterates, annelids, arthropods and cephalopods. 

However, giant fibres are not found in Mya, or in Ensis (Graham, 1931) 
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which from Drew’s (1908) account appears to have similar pathways of exci- 
tation. An electrophysiological study of transmission is not available in this 
group; histological giant fibres have not been reported. Relatively rapid 
contractions elicited by touch may be confined to the siphon, or to the posterior 
or anterior regions of the mantle. Nothing suggests that a single giant fibre 


system co-ordinates symmetrical movements alone; some kind of relay system — 


is indicated. | 

The nervous system of Mya has the characteristic anatomical plan of 
lamellibranchs. Two paired cerebral ganglia are joined by a thin commissure 
over the dorsal side of the mouth. Each cerebral ganglion is connected to the 
visceral and to the pedal ganglion of its own side. The left and right visceral 
ganglia are posteriorly situated and fused together; the pedal ganglia are 
similarly closely united. The anterior mantle is innervated by the anterior 
pallial nerve from the cerebral ganglion of the same side; the posterior mantle 
edge similarly by the posterior pallial nerves from the visceral ganglion. 

The functional pathways of the various movements of the withdrawal 
response have been demonstrated by Drew (1908) in Ensis. Drew used both 
tactile and electrical stimulation but his only indication of activity was the 
resulting contraction of the muscles. As Drew points out, a disturbance is 
conducted in all directions that are to be expected from the anatomical plan. 

A disturbance will proceed by roundabout paths when the usual paths are 
destroyed, but the stimulation must then be prolonged and the result is often 
delayed. 

Mya.was chosen because it is large, and the nervous system can be rapidly 
exposed. The nerves studied have been the anterior pallial nerves, the cerebro- 
visceral connectives and the siphon nerves on both sides of the animal. The 
first experiments showed that a single electrical shock applied to any of the 
nerves initiates impulses that may be recorded in all the others. A comparison 
of the ipsilateral and contralateral responses has been made with a dual 
recording system having two similar channels of amplification. 


METHODS 


The animal was removed completely from its shell by section of the adductor muscles at their 
attachments. The exposure of the nerve bundles requires little dissection. The anterior pallial 
nerve runs in the mantle tissue round the ventral margin of the anterior adductor and is visible 
without dissection. To avoid damage to this nerve the anterior adductor should be cut close to the 
shell. The nerve to the siphon runs from the visceral ganglion superficially across the ventral 
surface of the posterior adductor muscle. The posterior regions of the cerebrovisceral connectives 
are found exposed on the surface of the organ of Bojanus when the fused inner lamellae of the 
inner ctenidia are separated. 
Conventional condenser-coupled amplifiers and recording equipment were used (RC= 
0-2-0-5 sec). The recorded data refer only to nerve impulses and other possible potential changes 
comparable with them in time scale. Using selected EF 37A (ME 1400) valves for the first stage, the 
minimum discernible signals are 5-10. V, depending on the band-width (approximately 1—10° o/s) 
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and preparation resistance (20-200 kQ). Single impulses in the larger motor fibres give spikes of 
heights 20-40uV when the whole nerve is placed on the electrodes. The smallest fibres cannot be 
_ distinguished individually. Summed potentials of groups of fibres reach 40-50yV during post- 
ganglionic bursts and 300-600,,V in volleys when the nerve itself is stimulated. In 
 pesponses, therefore, only a fraction of the fibres of the bundle are excited. 

The electrical stimulus was approximately a square wave of duration 0-01-0-5 msec, applied 
through an isolating transformer. A stimulus frequency of 0-1—10/sec was the most useful. In all 
_ pecording experiments the nerve was severed, the cut end was placed on one of the pair of recording 


_ @lectrodes and the other electrode was placed under the nerve 2-4 mm from its end. Both elec- 


trodes, with nerve between, were then raised into air. Most of the records were made quickly before 


the preparation deteriorated, but by use of a moist box and occasional damping with sea water a 


preparation can be kept in good condition for several hours. 


RESULTS 
Pathways in Mya as shown by lesions — 
». The mantle edge and the tip of the siphon are very sensitive to touch. The 
response is an immediate retraction which is usually restricted to 1-2 cm 
of the mantle edge when the stimulus is a gentle touch with a blunt point. 
_ Even when the response is small the left and right sides of the mantle edge 
- sometimes contract together, though not necessarily to the same extent. A 


__. sharp jab or a pinch with forceps is followed by a co-ordinated retraction of the 


- mantle edges and a symmetrical shortening of the siphon. The anterior and 
posterior ends of the mantle may respond independently. 7 
Following section of the anterior and posterior pallial nerves on one side 
(see Fig. 1a) the local response to a stimulus on either mantle edge can still 
include both sides. Thus gentle stimulation at G (Fig. 1) initiates a small con- 
traction at.D; similarly from # to. F and vice-versa. The pathway between 
right and left sides of the fused mantle edges may be via local sensory or motor 
_ nerves or both. Electrical stimulation at B or H is followed by a retraction of 
_ the mantle edge on the side with intact pallial nerves, but on the side with cut 
pallial nerves the contraction is slight. This shows that few through-conducting 
motor pathways (if any) cross within the fused mantle edges but some local 
sensory or local motor pathways certainly do cross. Through-conducting 
sensory pathways appear not to cross because strong pinching at F or D is not 

followed by a general response of the whole animal. 

The rapid jerk of retraction of the siphon is symmetrical no matter whether 
a touch is applied at the sensitive tip (H, Fig. 1a), on the side of the siphon, 
or at a distant part of the animal. Following section of one siphon nerve the — 
response is still symmetrical. Electrical stimulation of the distal end of one 
cut siphon nerve produces a retraction which is again symmetrical. The tip of 
the siphon remains uniformly sensitive to touch on both sides following section 
of one siphon nerve. Section of both siphon nerves destroys co-ordination 
with the rest of the animal, but does not interrupt the rapid jerk of retraction 
when the tip is strongly stimulated electrically or by touch. 
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These experiments show that the siphon nerves contain a rapidly conducting 
pathway which eventually connects with longitudinal muscle cells on both 
sides of the siphon; that this pathway receives excitation from either siphon 
nerve and distributes it in a reasonably symmetrical manner over the siphon 
muscles; and that the sensory mechanism at the siphon tip can evoke a rapid 


symmetrical response of the siphon which is not necessarily dependent on the 


visceral ganglion. 


7 | b 
Fig. 1. a, Side view of the investigated nerves of Mya showing right side uppermost. AA, 
anterior adductor muscle; AP, anterior pallial nerve; LC, left cerebral ganglion; RC, right 
cerebral ganglion; P, pedal ganglion; PA, posterior adductor muscle; PP, posterior pallial 
nerve; SN, siphon nerve; V, visceral ganglion. The other letters identify some points of 
stimulation and response, as mentioned in the text. 6b, Plan of the pathways which transmit 


excitation leading to the co-ordinated retractions of mantle edges and siphon; this diagram is _— 


a set of inferences from lesion experiments. c, A simplification of b obtained by making the 
assumption that pathways not yet shown to be distinct are the same pathway. This Giagrem 
is a working hypothesis which may become more 


Besides the rapid jerk the siphon is capable of a wide range of more local, 


_ slower movements. Undoubtedly these are of great importance during the 
normal life of the animal as it adjusts to tidal changes and disturbances of the 


mud. However, for lack of data the nature and pathways of the local excita- 
tion cannot be analysed. 


Following section of the cerebrovisceral connectives, the anterior and es 
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_ posterior regions respond independently. Section of one connective is followed 
by no noticeable changes in the co-ordination of the symmetrical responses of 
siphon adductor muscles or mantle edges. Therefore, the pathways for co- 
ordination of at least the main closure responses are duplicated in the two 
nerves, and also this response is not co-ordinated via a possible peripheral 
- eonnexion between the anterior and posterior pallial nerves of the same side; 
Le. G to E or F to D, Fig. 1a. These observations agree with those of Drew (1908) 
on Ensis; Drew also made experimental cuts of the cerebropedal connectives 
_ and of the cerebral commissures. In Ensis the excitation is able to pass from 
any part to any other part so long as an intact continuous nerve trunk remains 
“between. Mya is not so suitable for observations on the pedal connectives and 
- movements of the foot, and the experimental lesions reported above were con- 
- fined to the nerves in which electrical signals were recorded. The various path- 
_ ways of excitation, as demonstrated in Mya by making cuts, are given in 
Fig. 16, which shows the inferred path from each point to other possible points. 
A number of the channels may be common to more than one of the observed 
_ responses. Therefore the number of channels can be reduced and the resulting 
_ model of the pathways, Fig. 1c, is still an adequate, though simpler, repre- 
- sentation of the results. 
_ While the withdrawal on stimulation is of the greatest biological significance | 
to the animal it does not give suitable data for further analysis because the 
nature of the transmitted excitation is not accessible. 


Electrical stimulation of the nerves 


A full account of the motor responses to stimulation of the nerves is not within 
the scope of the present,study; however, the effects of single shocks of various 
_ strengths must be taken into consideration to show the significance of the 
_ large and small impulses that are recorded by oscillograph. 

_ When both anterior pallial nerves are cut a single shock applied to the 
peripheral end of one nerve has the following effects. The smallest single shock 
_ to initiate a response initiates a twitch of the centre portion of the mantle edge 
of the same side (in the region G or D of Fig. 1a) and no effect on the opposite 
side. The lesion experiments indicate that this is the most distant part inner- 
vated. by the anterior pallial nerve. The larger fibres of the nerve can be 
_ expected to have the lowest thresholds; therefore this observation agrees with 
_ Pumphrey’s (1938) finding that the quick twitch of the mantle edge is corre- 
lated with the larger action potentials. A small increase in the strength of the 
shock has little effect on the strength of the twitch, though the movement now 
extends to other regions. This indicates that a few large fibres are distributed 
_ to different regions of the mantle edge. Further increase in the strength of the 
_ shock is followed by a slower contraction in addition to the quick twitch. 
The smaller fibres can be expected to have the higher threshold. This again 
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agrees with Pumphrey’s finding that smaller impulses are onevslage with the 
slower contraction. 

When both siphon nerves are cut a single shock applied to the peripheral 
end of one is followed by a symmetrical jerk of retraction of the end of the 
siphon. A small response follows shocks that are just above threshold; the 
response increases in strength and in duration over a considerable range with 
increase in stimulus strength. Finally, the maximum response is a quick 
contraction which is maintained for several minutes. From these observations 
we can infer that many motor fibres go to both sides of the siphon from either 
siphon nerve. Taking into account more detailed work on other molluscan 
muscle (Hoyle & Lowy, 1956) the long lasting contraction following a strong 
shock is very likely maintained by peripheral nerve cells. 

These observations were made on siphons which were to a large extent 
already contracted as an unavoidable consequence of opening the shell. The 
intact animal can maintain a tonic contraction of the siphon for many hours. 


The siphon alone, isolated by section of its two nerves, can hold a tonic con- — 


traction for many minutes following either a single shock or a mechanical 
stimulus at the sensitive tip. These results strengthen the hypothesis that the 


contraction is maintained by peripheral nerve cells which have local — 
and also central connexions. 


Eifferent signals from the cerebral ganglia 
| Response in the anterior pallial nerves to stimulation of the cerebrovisceral 
connective. Fig. 2 shows the characteristic response. The lower line of the 
records shows potentials from the left. pallial nerve, the upper from the right. 
In this instance the stimulus was applied to the cerebral stump of the left 
cerebrovisceral connective, so limiting transmission to the pathway through 
the cerebral ganglion. 

The response to a single preganglionic shock is a belt of impulses in left 
and right post-ganglionic nerves. The response is not all-or-none. Increasing 
the strength near threshold has the following effects, illustrated in Fig. 2. First, 
consider the ipsilateral response on the lower line of each record. The smallest 
effective stimulus (str. 7 in Fig. 2) produces a burst of small impulses as shown 
at the right-hand side of a lower line. The fibres which carry these small 
impulses cannot be identified individually. With slightly stronger shocks 
larger impulses appear (Fig. 2a lower line at str. 8) and by their constant shape 
and height some of these can be recognized when they are repeated. The delay 
intervals to the appearance of the large impulses are not constant. The small 
impulses precede the larger ones. These results suggest that the larger impulses 
originate in the ganglion. If they were impulses in fibres running continuously 
through the ganglion the low threshold and high velocity which are usually 
characteristic of large fibres would be evident. Records from the inter- 
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"ganglionic connectives, as later described, show no large spikes when the pallial 
nerves are stimulated. The large spikes are therefore normal outgoing excita- 
tion from the ganglia and are probably to be identified with the above-men- 
tioned rapid motor pathways to the mantle edge with the lowest thresholds to 
direct electrical stimulation. 
Further increase in the strength of the preganglionic shook causes a longer 
burst of both large and small impulses as in d and eventually no additional 
_ response can be added when a single stimulus is at 2-3 times threshold as in e. 


7| 7| 
9| ow. 
12| 14| 
1 sec 


following single shocks of various strengths applied to the left viscerocerebral commissure. 
The stimulus instant and arbitrary figures showing relative strengths of the stimulus are given. 


__ These results also apply to the signals recorded from the pallial nerve on the 
_ other (unstimulated) side. These contralateral smaller and larger impulses do 
_ not appear at exactly the same thresholds as the corresponding ipsilateral ones: 


} no regularity was found on this point. In Fig. 2a a constant feature of the 


upper trace is the initial burst of impulses fused together on the record and 
_ following the stimulus at a relatively constant interval. This was not a regular 
_ feature of other preparations, and in general the left and right nerves respond 
- similarly. The late bursts of impulses which follow successively stronger shocks 
- can be seen to develop symmetrically in the two sides in Fig. 2a~e. 

A repetition of the shock after an interval of more than 1 sec. produces a 
_ similar response, an observation which allows records such as those of Fig. 2 
- to be made with convenient intervals between shocks. At slightly higher 
_ frequencies both accommodation and summation appear, sometimes simul- 
_ taneously, but independently, in two nerves of the same preparation. In 
_ Fig. 3 three different effects are shown. First, in Fig. 3a the stimulus is just 
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above threshold and there is hardly any growth of successive responses. In b 
the stimulus is slightly stronger and evidently brings into action a sufficient 
number of preganglionic fibres to allow an increasing ipsilateral response of 
the post-ganglionic fibres, particularly of the large spikes. Meanwhile in b the 
contralateral response is almost constant. With a still stronger stimulus at 
the same frequency the ipsilateral response rapidly rises to a high level, but the 
contralateral response declines (Fig. 3c); either side may respond in either 
manner. I have not found any independent evidence that inhibitory fibres are 
responsible for the decline in the response as in c and d of Fig. 3, but their 
presence would account for two curious facts. First, transmission through the 


1 sec 


Fig. 3. The same preparation as that of Fig. 2 showing the response to repeated stimuli at various 

strengths: a, little temporal summation is found with a small stimulus; 6, a slightly larger 

_ stimulus initiates a response with marked temporal summation on the left side (lower line) ; 

c, continued in d, with a stronger stimulus the left side initiates a larger response with tem- 
poral summation whereas the response on the right side steadily declines. 


one cerebral ganglion declines while that through the other increases; secondly, 
the decline in transmission appears when the strength of the preganglionic 
stimulus is increased, though the frequency remains constant. This appears to 
_ be evidence of small diameter inhibitory fibres. 

Response in the anterior pallial nerves to stimulation of the siphon nerves. When 
single shocks are applied to one siphon nerve the excitation passes through the 
visceral ganglia and then through the cerebral ganglia. The results are much 


the same as before. The response is symmetrical on the two sides and the effect 


of stimulus strength for single shocks resembles the effects of stimulation of 
one interganglionic connective. The recorded impulses in the anterior pallial 
nerves are spread over a longer interval, presumably by the known scatter of 
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output of impulses from both visceral and cerebral ganglia and by the varied 
transit delays over the greater distance. However, from the point of view of 

- the cerebral ganglion the stimulus is more normal than a shock applied to the 

_ eerebrovisceral connective. Excitation which has been filtered by the visceral 
ganglion is less artificial than a synchronous volley containing antidromic 
_ impulses. Therefore it is all the more significant that the evidence for inhibitory 
fibres in the interganglionic connectives reappears as before. 
The first line, Fig. 4a shows the constant response following successive equal 
shocks at low frequency and 6 the growth of the response with slightly stronger 


siphon nerve. The excitation passes through two ganglia and crosses over. Similar results are 
found when two nerves on the same side are used or when either of the cerebrovisceral con- 
nectives is cut. The instants and relative strengths of the shocks are shown. 


shocks, The rate of growth (the increment from response to response) depends 
_ rather critically on the stimulus strength. Stronger shocks, of double the 
strength, are followed by responses c and d which decay with repetition at the 
_ same frequency as before. The simplest hypothesis which accounts for the 
_ contrast between b and c is that a few small inhibitor fibres are brought into 
action by the stronger stimulus. 

This preparation shows two other effects commonly encountered in re- 
cording from Mya. First, in e two shocks were applied 0-18 sec apart. They are 
_ followed by a burst of large impulses and then a long train of large impulses 
_ from a few fibres, which continues for about 10sec. In the unstimulated — 
animal no large and few small spontaneous impulses can be detected by the 
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present technique. Secondly, when the stimulus is continually sieaatnila at this 
frequency the response soon begins to decay as in f continued in g, but the 
record does not fall back as far as the noise level of the unstimulated pre- 
paration. Spikes of various heights continue to appear even after a minute of 
continuous preganglionic stimulation at 6/sec. The directly stimulated nerves 
do not fail at this low frequency and the decay of the — is considered to 
be accommodation within the ganglion. 


“hig | | 


1 sec. 

_ pallial nerve. The records are of two different preparations a, ¢ and b, c, d, f; records a, ¢ are 
at twice the speed shown on the scale, The stimulus in each line is constant. The spaces in 
d and e represent long intervals. 


Response of one anterior pallial nerve to stimulation of the other. The pallial 
nerve response to a stimulus in the other pallial nerve is very similar to that 
later described for the siphon nerves. The record, Fig. 5, shows an irregular 
burst which is preceded by a few impulses of constant velocity of 100-110 cm/ 
sec. These leading impulses are marked by arrows in Fig. 5a, 6 and e and the 
corresponding pathway in Fig. 11 is designated by an «. Their constant 
velocity, low threshold, relative independence from the stimulus strength, and 
independence from temporal summation at frequencies of 2-6/sec indicate that 
they originate in a few relatively large fibres which are continuous through the 
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_ ganglion. The large size and efferent character suggest that they are motor 
fibres and this combination of features leads to the working hypothesis that a 
few of the fastest efferent anterior-going motor neurones have a branch in each 

- pallial nerve. However, these fibres constitute only a fraction of the possible 
volume of response of one pallial nerve to stimulation of the other. The 
- gemainder of the response follows as an irregular burst, the duration and. 
__ intensity of which depends on the strength and frequency of the preganglionic 
shock. Temporal summaton appears when the stimulus frequency i is increased 


nective. In each case the upper trace is from the right nerve; c and d are from the right side 
only; in ¢ the film speed is twice that shown in the scale. f, Spontaneous signals from left and 
right siphon nerves. The burst appears symmetrically but the individual impulses are 
asymmetrical. 

Records from the siphon nerves _ 

The siphon nerves are large and easily dissected free but consist mainly of fine 
fibres; on this account the records are not so satisfactory as those from the 
pallial nerves. 

Response in the siphon nerves to simian of the cerebrovisceral connective. 

_ Asingle shock applied to one cerebrovisceral connective is followed by a burst 

of impulses in left and right siphon nerves. The duration and intensity of the 
bursts depend on the strength of the preganglionic shock. The smallest shocks 
to give an effect initiate a few irregularly scattered small impulses. Larger 
shocks produce larger and longer bursts that are only approximately repeatable 

in form and duration. The response consists of two parts, either of which may 

_ appear at the lower threshold. First, the leading signal is a fused volley of 
36 PHYSIO. CLXIIL 
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spikes as shown at the points marked with an arrow in Fig. 6a, 6 and e; 
secondly, the rest of the response follows irregularly. In a the initial fused 
volley appears at a lower threshold than the burst which follows, and cannot 
be resolved as separate spikes, Fig. 6c shows a similar response in greater 
detail from a different animal. Fig. 6d is from a third animal in which the later 
burst of impulses had the lower threshold and the initial volley was very small 
even in response to the strongest shocks. The response is more symmetrical 
than that obtained from the anterior pallial nerves. | | 

Repetition of a preganglionic stimulus which alone is just above or just 
below threshold initiates a post-ganglionic response which shows a temporal 
summation. A suitable stimulus frequency is 2-5 shocks/sec as in Fig. 6e. The 
existence of a summation of subthreshold shocks suggests that cerebrovisceral 
fibres which do not pass through the ganglion are stimulated and that they 
terminate on efferent neurones of the visceral ganglion. The impulse pattern 
of the summed response in the siphon nerve closely resembles the normal burst 
in response to a preganglionic stimulus which is well above threshold, i.e. 
integrative action is similar whether spatial or temporal. In contrast with 
transmission through the cerebral ganglia no abnormal effects of larger pre- 
ganglionic stimuli have suggested the presence of inhibitory fibres. 

The above observations suggest that cerebrovisceral axons terminate on 
efferent neurones with axons in the siphon nerves. The physiological junction 
between pre- and post-ganglionic axons shows a well-marked spatial and 
temporal summation. As yet these terms are explanatory concepts which in 
these examples can describe the effects of stimulus strength and frequency. 

Spontaneous bursts of impulses as shown in Fig. 6f appeared in two pre- 
parations of siphon nerves. The bursts were similar when repeated and appeared 
irregularly during the course of other stimulation experiments. Their most 
characteristic feature was their symmetry in the left and right siphon nerves. 
In the example figured the right nerve (upper trace) starts to fire first and 
continues longer than the left nerve. The right nerve in this instance initially 
contained one particular fibre (underlined) which fired spontaneously at 
2-3 impulses/sec. Unlike the larger bursts such spontaneous signals, at a 
low frequency and limited to a few fibres, were commonly encountered in the 
siphon and pallial nerves, but the activity was never found to be symmetrical 
on the two sides. aes | 

Response of one siphon nerve to stimulation of the other. Records from one 
siphon nerve while the other is stimulated show two types of electrical 
response. First, the leading response is a spike of variable height, depending 
on stimulus strength, but of constant and relatively high velocity of 80-100 
cm/sec. The constancy of the velocity is shown in Fig. 7a, in which about 40 
faint traces are superimposed at a frequency of 2/sec. To explain this obser- 
vation it is reasonable to suppose, as for the anterior pallial nerves, that a 
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number of the efferent neurones of the visceral ganglia branch into left and 
right siphon nerves as shown in f, Fig. 11; single sweeps recorded at a slower 
speed show the irregularity of the later part of the trace in Fig. 76 and contrast 

with the regularity of the initial spike of 7a. Secondly, there is the usual burst 
of irregularly distributed post-ganglionic impulses, the number of which 
depends on the strength of the preganglionic shock. They appear to originate 
in the same way as impulses in the siphon or pallial nerves following stimula- 


Fig. 7. The response from the left siphon nerve following stimulation of the right siphon nerve. 
a, Forty superimposed faint traces of the initial spike, showing its constant velocity. b, Three 
single sweeps, with a slower time base, to show the irregularity of the following signals. 
Scale 50 msec: c-e, At a low frequency of 2 shocks/sec the responses depend mainly on stimulus 
strength. The stimulus in d is the same as that in 6. f, With 7 shocks at 8/sec the temporal 
summation is pronounced and the response then persists for several seconds after the stimulus 
ceases ‘ 


tion of the cerebrovisceral connectives, i.e. from temporal and spatial summa- 
tion at ganglionic junctions to efferent neurones. In Fig. 7c-e the development 
of the responses to various strengths of stimulus can be followed. The irregular 
post-ganglionic burst of impulses begins to appear in d and is well formed in e. 
In f is shown the effect of increase in frequency at the same strength as in e and 
the post-stimulus discharge now lasts longer. The regularity with which these 
effects appear in the various input-output relations of either the cerebral or 
36-2 
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visceral ganglia, and the symmetry of the connexions on left and right sides, 


indicate an arrangement of pathways with the summation properties that are 
proposed in the conclusion. 


Records from the cerebrovisceral connectives 
In contrast with the pallial and siphon nerves the cerebrovisceral connectives 
do not give clear records of impulses that can be ascribed to single axons. When 


the stimulus is applied to one of the siphon or pallial nerves the post-ganglionic 
response in either connective is a signal which appears to be the sum of many 


11 15 


nerve; each lower trace is from the left connective; four different preparations are represented. 
The stimulus instant and arbitrary figures which show the relative stimulus strength are 
given. a, Constant response for constant stimulus at low frequency. b, Single sweeps which 
show a slight asymmetry on the two sides; twice the velocity shown by the scale. c, A prepara- 
tion which occasionally failed on one side, as for example at the right-hand end of the upper 
trace. d, The response increases with increase of stimulus intensity. 


small impulses. This agrees with the results from isolated connectives, Fig. 90. 
In some preparations the response has a constant shape when the same stimulus 
is repeated at long intervals, as in Fig. 8a; other preparations are less con- 
sistent as in Fig. 8b. Both cerebrovisceral connectives respond in most in- 
stances with signals of similar duration and strength, but in Fig. 8c the record 
shows the failure of the signal on one side, at the right-hand end of the upper 
line. At strengths just above threshold an increase in stimulus strength in- 
creases the size of the response but saturation is soon reached. No prolonged 
bursts of impulses appear. Similar results are obtained when either cerebral — 
or visceral ganglion preparations are used, i.e. following stimulation of the 
anterior pallial or the siphon nerves. 

Experimental section of the various nerves shows that the ciel 
connectives contain the sole pathway for transmission of the retraction 
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response in either direction between anterior and posterior ends and that either 
nerve alone is sufficient. The retraction response is elicited by stimuli similar 
to those used for the electrical recording; the observed electrical responses 
have the expected symmetry on the two sides. The hypothesis that they are 
the impulses which co-ordinate the retraction response has not so far been 
tested by further experiments. 


Impulses to muscles of the foot 

The pedal ganglia and motor nerves are not readily found among the living 
muscles of the foot of Mya. In Ensis (razor-shell) the animal is elongated and — 
the muscles and motor nerves of the foot are greatly developed. A record 
could therefore be made of impulses in motor nerves running from the pedal 
ganglia in response to single shocks applied to the siphon nerves. As in Mya 
the typical response is a burst of impulses, the first of which arrives approx. 
200 msec after the stimulus is applied at a distance of 5cm (two ganglia 
intervening), The response is a shortening of the foot and this is probably the 
initiation of the rapid burrowing movements which pull the animal down if 
disturbed as it lies vertically in the sand. 


Transmission in nerve 


Ganglion cells of unknown function are found along the length of all nerve 
bundles of Mya and the nerves in section look histologically similar to those of 
Heliz. Schlote (1955, 1957) has found two types of transmission of excitation 
in the visceral nerve of Helix: first, many axons conduct in a normal manner at 
_ a velocity of 60-70 cm/sec; secondly, summed potentials of slower elements are 
observed to decay to about half value at 1 cm from the stimulating electrodes. 
_ Therefore the question arises whether the present stimulation of Mya nerves 
initiates a signal which may be expected of a simple bundle of axons, or 
whether the signal shows any anomalous features, Two tests have been made: 
first, summed potentials have been recorded from isolated nerve bundles which 
were stimulated at one end; secondly, recognizable impulses of single motor 
axons have been recorded simultaneously at two points far apart. | 

As a test of the stimulating conditions, a 2 cm length of nerve is placed 
across seven electrodes, of which the first two act. as stimulating electrodes, 
the third as earth and the others as two pairs of simultaneously active re- 
cording electrodes. Stimuli at various strengths and frequencies typical of the 
other experiments are then applied, first one way along the nerve and then in 
the reverse direction. Nothing is found which suggests anomalous transmission 
in the more rapid pathways of the pallial or siphon nerves or cerebrovisceral con- 
nectives, The anomalous transmission of the slow components will be described 
elsewhere. The summed potentials show the following features, Fig. 9a-c. 
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The anterior pallial nerve has a large fast component of 90-100 cm/sec which 

has the lowest threshold; these must be the largest motor fibres—the rest 
of the signal moves at 50-80 cm/sec. The response is stable for at least 1 min 
at frequencies up to 10/sec, and there are no effects of frequency on the signal 
strength. Over various distances along the nerve the spread of the signal 
follows expectation. The cerebrovisceral connective contains only 3 or 4 axons 
which are greater than 4 and a a small initial signal travels at 


10503 02 03 02 105,03 02 m/sec 


Fig. 9. Summed potentials in response to single shocks, showing transmission of the electrica 
signal, over a distance of 10 mm within the nerve trunks; in the lower line is the maximum 
response, the upper line is a response to weaker shocks; lower scale 20 msec; upper scale, 
velocity in m/sec. Each trace starts at the moment of application of the shock. a, Response of 
anterior pallial nerve, stable up to 10/sec for many seconds. b, Cerebrovisceral connective; 
apart from the small component at 50 cm/sec the signal fails when stimulated more often 
than 2/sec. c, Siphon nerve; the components slower than 40 cm/sec fail at once at 3/sec, but 
persist at 1/sec. Negative downwards. 


50 cm/sec and persists up to frequencies of 10/sec; the bulk of the signal moves 
at 20-30 cm/sec followed by some slower response, Fig. 9b. Over a transmission 
distance of 10 mm the signal persists for long periods when repeated at 2/sec, 
but fails at once when repeated at 4/sec or faster. Failure is then complete 
except for the fastest component, and increase of the stimulus well above the 
threshold does not restore the signal. The normal maximum signal at low 
frequency is much greater than the response which can be recorded post- 
ganglionically from the same nerve in a preparation which is stimulated’ pre- 
ganglionically. The siphon nerve behaves as a combination of the other two, 
Fig. 9c. A rapid component of the signal, at 80-100 cm/sec, is probably a 
group of fast motor fibres which co-ordinate the twitch; a slightly larger 
second peak follows at 50-70 cm/sec, then & slow component at 15-30 cm/sec. 
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The mn which are faster than 40 cm/sec persist for many seconds when 
repeated at 10/sec, but the slowest, when recorded at a distance of 10 mm, fail 
at once when repeated faster than about 3/sec, as in Fig. 10c. This anomalous 
slow component does not appear as efferent excitation from the visceral ganglion 
following stimulation of the cerebrovisceral connective; it is unlikely to be of 
importance in the rapid responses considered here, and therefore is not described 
further. However, the slow components are of great interest in that their 
strength decays with distance along the nerve, and they will be considered in 
more detail elsewhere. These results show that at low frequency of stimulation 
only the electrical signals faster than 40 cm/sec are transmitted normally from 
the point at which a shock is applied. 


05 sec 

stimulation of the right siphon nerve, showing the normal transmission of individual impulses 
over a distance of 12mm. 6, A similar preparation with a different electrode arrangement, 
recorded at twice the speed shown in the scale. The spike velocity is 75-90 cm/sec, except 
that the impulse marked with a dot moves at 60 cm/sec. c, Two records which show trans- 
mission in a siphon nerve at a point 10 mm from the stimulating electrodes as in Fig. 9c. 
The slowest component disappears at a frequency of 3/sec. 


As a second test of normal transmission impulses are recorded at two points 
on the anterior pallial nerve, in which efferent spikes are sufficiently large to 
be recognized individually. Tactile stimulation of the mantle or a single shock 
on the siphon nerve initiates a series of impulses which correspond exactly at — 
the two recording points as in Fig. 10a. Measurements of the transit delays — 
show that the velocities of these impulses are 60-100 cm/sec, as in Fig. 100. 
Transmission of these large efferent impulses appears to be quite normal. 
' The decremental decay of slowly transmitted signals, as observed in Helix 
by Schlote and previous workers, is also found in Mya, but the above results 
_ show that the effects of single shocks described in this paper originate in the 
ganglia and not in the nerve bundles, and that transmission in the fast through- 
conducting pathways resembles transmission in normal axons. 
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DISCUSSION 


The collected data on the various pathways of the electrical signals can be 
represented as in Fig. 11 by a series of lines terminating in arrows. Many 
examples of transmission of excitation from one nerve bundle to another have 
been observed; a large proportion of these can be eliminated by making the 
assumption that pathways not shown to be distinct are the same pathway. 
This is the same procedure by which Fig. 1c was derived from Fig. 10. 

A complex increase in post-ganglionic response follows increase of the 
strength of a preganglionic single shock. The only concept which explains this 
in terms of ordinary nerve mechanisms is that an increased number of pre- 
ganglionic fibres are brought into action and a spatial summation occurs at 
the arousal of the post-ganglionic impulses. To represent this feafure the lines 
of Fig. 11 are drawn in triplicate, though the experiments indicate a greater 
number, and the nerve bundles certainly contain a large number of axons. 


Fig. 11. Pathways which by electrical recording. 
The cerebropedal connectives have not been explored. The assumption has been made that 
pathways not shown to be distinct are the same pathway. For each pathway three lines have 

_ been drawn as a representation of spatial summation. The pathways are symmetrical on the 
two sides but for convenience some parts have been omitted on one side. (x) efferent, (y) local 


_ afferent, (z) long-distance afferent pathways; a, 8, a fraction of the efferent paths have a 
branch on left and right sides. 


The local and long-distance afferent pathways have been represented 
separately in Fig. 11, although no test has been found which would show that 


local and long-distance afferent fibres to the ganglia really are distinct. The — | 


long-distance afferent pathways have been represented as a continuous loop 
round the cerebrovisceral connectives with extensions down the main nerves. 
This pattern is the simplest which agrees with all the relevant data. A partial 
fusion of the efferent pathways on the two sides is represented by a line which — 
joins one of the three pairs of efferent paths at either end of the diagram. The — 
general conclusion is that motor impulses originate in the ganglia nearest to 
the innervated muscles. 

The various pathways demonstrable by the recording of electrical signals are 
similar to those in Fig. 1¢ as shown by experimental lesions and the observa- 
tion of movements. The two techniques are distinct but it is a reasonable 


inference that the recorded impulses kietnite nase excitation which co-ordinates 
the contractions, — 
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_ The outstanding features of the excitation itself are the great readiness with 
which trains of impulses are initiated by a preganglionic volley, and the 
domination of the main nerve trunks by these impulses in all the experiments. 
_ The effect of a single impulse in a single afferent axon is not known, but the 
importance of spatial and temporal summation in the arousal of efferent 
impulses suggests that the mechanism is primarily dependent upon the coin- 
cidence and proximity of impulses in many afferent fibres. This is a mechanism 
by which the sensitivity or range of the sensory organs may be increased or 
which discriminates in a non-linear manner against small stimuli.. 
Taking into account the required coincidence in the afferent: fibres, the 
_ efferent response to a single preganglionic volley is a burst of impulses that 
_’ persists for a relatively long time; the appearance of temporal summation at 
such low frequencies as 2/sec shows that the arousal within the ganglion lasts 
+ at least half a second; two or three preganglionic volleys at shorter intervals 
initiate a train of large-fibre impulses which may continue for several seconds; 
normal ganglia are often found to be spontaneously initiating small-fibre 
impulses at low frequency. These observations show the relative ease of genera- 
tion of motor impulses and they suggest that the character of the efferent 
excitation is determined by and adapted to the requirements of the muscles. 
Pumphrey (1938) has shown that mantle contraction is protracted by a stream 
of small-fibre impulses. 
A biological advantage of the giant internuncial neurones of other animal 
groups is their ability to excite motor neurones at the first impulse. Mya 
- achieves the same end by having motor neurones which respond very readily 
_ toa coincidence of incoming impulses. Giant-fibre junctions to motor neurones 


| inawide range of mobile invertebrates fatigue readily, a property which releases 


the animal from the dominating influence of the giant fibres during their 
continual stimulation. The corresponding mechanism of Mya behaves in the 
opposite way; after a succession of preganglionic volleys the motor neurones 
are aroused to a long-lasting activity. This character is in keeping with the 
requirements of the muscles and with the typical sessile lamellibranch entrench- 
ment — its shell. 
SUMMARY 

1, An hinkied or mechanical stimulus applied to any part of the mantle 
edge or siphon of Mya arenaria can initiate a local contraction. Stronger 
stimulation is followed by a co-ordinated retraction of the whole animal. The 
_ following points of the summary refer to the anterior pallial nerves, the cerebral 
ganglia, the cerebrovisceral connectives, the visceral ganglia and the siphon 
nerves. 

2. The excitation which co-ordinates the symmetrical closure response is 
transmitted from any of the main nerves to any other as long as a continuous 
nerve trunk remains between. 
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3. When a single electrical shock is applied to any of the main nerves, an 
irregular burst of impulses may be recorded from any other nerve. 

4, The post-ganglionic electrical responses of nerves on the left and right 
sides are similar when a preganglionic stimulus is applied on one side only. 

5. A small proportion of the efferent neurones divide and have a branch in 
corresponding motor nerves on each side of the animal. 

6. Most of the post-ganglionic impulses form an irregular burst, the strength 
and duration of which depend on the number of simultaneously stimulated 
preganglionic fibres as controlled by the strength of the stimulus. 

7. Temporal summation appears at frequencies greater than about 2/sec. 
8. The motor neurones are readily aroused to repeated firing and impulses 
may continue intermittently for many seconds after a stimulus. | 

9. The anterior pallial nerve consists mainly of relatively fast motor fibres 
(velocity 60-100 cm/sec). The cerebrovisceral connective consists mainly of 
slow fibres (velocity 25-30 cm/sec) with a few faster axons. The siphon nerve 
consists of some fast (velocity 80-100 cm/sec), some slower motor fibres 
(velocity 40-70 cm/sec) and some slow fibres (15-30 cm/sec). In general, fibres 
with velocities less than 40 cm/sec cannot be excited at frequencies greater than 
4/sec, and the strength of their signal decays with distance. 
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VARIATIONS IN THE ENERGY EXPENDITURE 
OF STANDARDIZED ACTIVITIES 


By J. V. G. A. DURNIN anp L. NAMYSLOWSKI* 
From the Institute of Physiology, U nwversity of Glasgow 


(Recewed 4 June 1958) 


Since the early days of measurements of energy expenditure, there has been 
speculation about the individual variability in these measurements. Many of 
the classical studies were concerned to some extent with these variations, but 
primarily in relation to basal metabolism: two of the best studies on this 
subject are those of Wishart (1926) and of Berkson & Boothby (1938). There 
have also been a few measurements on the variability in energy expenditure 
when walking on the treadmill (Knehr, Dill & Neufeld, 1942; Taylor, 1944; 
Erickson, Simonson, Taylor, Alexander & Keys, 1946) and when using a 
bicycle ergometer (Henry, 1951). Mahadeva, Passmore & Wolff (1953) have 
also discussed individual variability in energy expenditure. However, rather 
surprisingly, there have been no properly designed and statistically controlled 
measurements of the inter- and intra-individual variations in energy ex- 
penditure of human beings when engaged in different ‘activities’. Durnin & 
Weir (1954) did describe an experiment to test this variability, but only three 
subjects were used. 
It has been known that considerable variations may occur in energy ex- 
penditure under apparently similar conditions. Edholm, Fletcher, Widdowson 
& McCance (1955) and Booyens & McCance (1957) have commented on the 
large differences in the expenditure of energy by nearly homogeneous indi- 
viduals while lying, sitting and standing under ordinary, everyday conditions. 
The same individual may also show quite marked differences in the metabolic 
~ cost of lying, sitting and standing at different times. The reasons given for these 
variations have, so far, been largely speculative; the differences may be due to 
some extrinsic factor, such as the specific dynamic action of a meal, or to. 
previous exercise, or to emotion, or to some other unknown cause. It would 
be useful to know the variability to be expected in the measurement of strictly 
standardized activities. In practical metabolic work under field conditions, 
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where it may not always be convenient or possible to measure the effect of a 
given activity at identical times of the day, it would also be helpful to know 
the extent of this variation. 

The present experiment was designed to measure the exact effect of different 
times of day and of different days on the energy expenditure of strictly stan- 
dardized activities. The effects of changes in external temperature and 
atmospheric pressure were also noted, The energy expenditure during walking 
on the treadmill was compared in the two sexes. 


Tain 1. Age, height, weight and surface area of the subjects 
Height Weight Surface 
(kg) 


Subject Age area, (m*) 
Women 
Elsa 18 164 55 1-60 
Laura 19 154 48 1-43 
. Jane 20 161 = = 
Margaret 19 159 
Georgina 20 158 49 1-47 
Lena 19 163 51 1-53 
Elma 22 165 63 1-69 
Grant 18 161 58 1-61 
Jess 24 164 68 1-74 
Betty 22 165 55 1-60 
Men 
W.B. 21 165 50 1-54 
R.G. 23 178 66 1-82 
A.K. 26 175 80 1-96 
R.D. 21 180 70 1:89 
DJ. 21 183 79 2-01 
J.D. 34 188 90 2-17 
J.B. 26 178 82 2-00 
L.N. 39 173 65 1-77 
D.C. 22 184 80 2-03 
A.M. 21 178 63 1-79 
METHODS 


The subjects were ten men and ten young women; their ages, heights, weights and surface areas 
are given in Table 1. The energy expended by each subject was measured in each of four sets of 
conditions which were kept constant. These were lying on a couch, sitting at ease, walking on the 


level on a treadmill at 3-2 m.p.h. and climbing, that is walking on an incline of a 1 in 10 gradient, 


at 2-7m.p.h. Each activity was measured at one of four different times in the day, 11 a.m., 
12 noon, 2 p.m. and 3 p.m., and each activity was measured once on four different days. In order 
to assess the separate effects of times and of days, the complete experiment for each single indi- 
vidual was arranged in the form of a 4 x 4 Latin Square, the variables being activities, times of 
day and days. Table 2 illustrates a typical arrangement. A light breakfast was taken about 8 a.m. 
and a two- or sometimes three-course lunch was eaten between 12.30 and 1 p.m. No food was 
allowed in between times. After a waiting period, to allow the subject to reach a ‘steady-state’, 
measurements of energy expenditure were made by the use of the Max-Planck respirometer 
(Miller & Franz, 1952) which was carefully calibrated (by the method described by Durnin & 
Brockway, 1958) before each period of use. Analysis of expired air was carried out by Haldane’s 
apparatus, 
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RESULTS 
In the calculation of the results, since the metabolic cost of walking and 
- glimbing was considerably higher than that of lying and sitting, the results 
were analysed using the logarithmic transformation, i.e. instead of absolute 
values (kcal/min) the logarithms of these values were used in the calculation. 
The results for all subjects of both sexes were similar and showed that there 
was no significant effect attributable to the different times of the day or to 
different days; only one subject, a man, showed a significant effect due to time, 


one individual (values in kcal/min) 
Days 
Hours ¥ 2 3 4 
liam, 1-648 3-874 1-13" 5-240 
12noon 1-06" 4-12” 1-228 
3-867 6-174 1-508 1-40" 
1-374 1-348 


Latpag es W =walking at 3-2 m.p.h., Cl = walking at 2-7 m.p.h. on a 1 in 10 gradient. 


freedom squares squares F 
Rows 3 0-004305 0-001435 0-67 
Columns 3 0-002232 1-04 
Treatments 3 1-304657 0-434885 203-12 
Error 6 0-012843 0-002141 — 
Total 15 1-3B28502 
TasiEz 3. Mean values for individual subjects in the four activities, 
and measure of variability 
Over-all 
Activity (kcal/min) coefficient 
A of variation 
Subject Lying Sitting Walking Climbing (%) 
Women 
Elsa 1-49 1-67 3-37 6-28 4 
Laura 1-26 “115 | 3-02 5-06 10 
Margaret 1-08 1-08 , 
Georgina 1-09 1-11 3-19 5-71 19 
Lena 1-05 1-32 6-01 
Elma 1-19 1-23 4-26 6-18 ast 
Grant 1-06 1:14 3-71 5-99 12 
Jess 1-30 1-37 4:14 8-78 10 
Betty 0-92 1-24 3-96 6-79 4 
Men 
W.B. 1:24 1-42 
R.G. 1-44 1-46 
A.K, 1:50 1-59 
R.D. 1-29 1-49 
DJ. 1-34 1-40 
J:D. 1-78 2-13 
J.B. 1-43 1-75 
L.N. 1-27 1-45 
D.C. 1-53 1-54 
AM, 1:36 1-37 
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and two women had significantly different results for days. That is to say, the — 
scatter in the results obtained during the different activities in each individual 
were of such a degree that, even in these standardized conditions, any effect 
due to the different time of the day or the different day was completely masked. 
Table 3 summarizes the main results obtained for _ four separate activities 
on the twenty subjects. 


DISCUSSION 


There are several locitians conclusions to be deduced from these seat The 
fact that no significant differences were obtained when the expenditure of 

energy of these four activities was measured at four separate times of the day 
means that the effect of the specific dynamic action of the meal eaten at midday 
was hidden by the variation which occurs normally throughout the day in the 
individual. There was indeed in about half the subjects a tendency for the 
measurement at 2 o’clock to be slightly higher than the other measurements, 
but in no case was this significantly different. For many purposes it is, there- 
fore, possible to ignore the effects of the time of day on the metabolic cost of 
any activity. There would rarely appear to be any necessity to ask subjects to 
come to the laboratory having fasted for the previous 12 hr or more, in order to 
partake in a metabolic experiment. 

The different days also had no significant effect on the reaiilbs, Sometimes 
the four days on which the experiments were done on each individual were 
- consecutive: more often some days intervened between the experiments. There 
was a considerable variation.in the external (room) temperature and atmo- 
spheric pressure on these days. The extent of this variation was often about 
20-30 mm Hg pressure and several degrees Centigrade in temperature. There 
seems then to be little justification for the common belief that such differences 
in pressure and external temperature cause significant changes in energy 
expenditure, at least in activities of this nature. 

_ Some of the subjects were experienced in the use of the apparatus and some 
were completely inexperienced; the combined results, with reference to the 
effects of times of day and days, show that there is no decrease in the gross 
metabolism with increasing practice in the use of the equipment. In other 
words, training exerts a negligible effect within the limits of the conditions of 
this experiment. The present findings are in agreement with the suggestions 
put forward by Mahadeva (1955). It is also possible to disregard, except in 
abnormal circumstances, the effects of emotion. Some of the subjects in the 

present series were, at first, mildly apprehensive of the apparatus but this had 
very little influence on their gross metabolism; had the opposite been the case, 
there would have been detectable changes in the energy expenditure with 
increasing practice and confidence. 


Booyens & Keatinge (1957) discuss a possible sex difference i in the energy 
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expenditure of walking if the results are expressed as kcal/kg of body weight. 
At speeds of 5-5 and 6-4 km/hr their results seem to show that women walk 
_ with a lower expenditure of energy than men. Our own results agree with 
those of Mahadeva et al. (1953) and show no difference whatever, in this 
respect, between men and women while walking at 5-1 km/hr. 


SUMMARY 


1. The variation in the energy expenditure of ten men and ten women was 
measured in four standardized activities. These ‘activities’ were lying, sitting, 
walking on a treadmill on the level at 3-2 m.p.h. (5-2 km/hr) and walking on 
an incline up a 1 in 10 gradient at 2-7 m.p.h. (4-3 km/hr). 

2. The plan of the experiment was in the form of a Latin Square, the variables 
being times of day, days and activities; the arrangement was such that each 
activity was measured once daily at one of four different times (11 a.m., 
_ 12 noon, 2 p.m. and 3 p.m.) on four different days. 

3. The results showed no significant effect due to either time of day or day. 

4. It can, therefore, be inferred from this experiment that there were no 
measurable effects due to 
(a) specific dynamic action of the thidduy meal; 

(b) changing external temperature and barometric pressure; 
(c) practice in the use of apparatus; or 
(d) emotion. 

5. There were no sex differences in the energy expenditure of ones if 

_ these results are expressed as kcal/kg of gross body weight. 


We are much indebted to Dr R. A. Robb of the Department of Statistics, University of Glasgow, 
for help in the planning of the experiment and in the statistical calculations. This research pro- 
gramme has been supported by a grant from the Scottish Hospital Endowments Research Trust. 

We are also grateful to the Medical Research Council for a grant for specialized apparatus. 
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A Modified method for studying peristalis in isolated loops of 
intestine. By A. Crema and 0. B.Saxpy. Department of Pharmacology, 
University of Oxford 


A simple apparatus for sampling alveolar air during hyper- 
ventilation. By W. R. Keatinaz. Medical Research Council Depart- 
of Experimental Medicine, University of Cambridge 


_An apparatus has been devised which avoids: (1) the theoretical and sngeticnl 
objections (Cunningham, Cormack, O’Riordan, Jukes & Lloyd, 1957) to the 
Rahn-Otis (Rahn & Otis, 1948-9) method; (2) the weight and power supply 
requirements of peerage Lect, and (3) the necessity for a suction 
pump... 
; and by automatic valve (results all from one subject) 


Activity x13/min x24/min. x19/min. x 38/min. 
% CO, in alveolar air 8(endexp.) 622 617 610 647 
obtained by Haldane— (end insp.) 6-31 6-10 6-24 6-05 
Priestley method Meah 5-98 627 614 617 626 
CO, obtained by valve | 538 600 604 630 637 
Mean 5:51 614 599 627 ~ 
CO, obtained by valve 5-49 618 680 627 613 
Mean 5-56 615 596 628 _ 
Ventilation (1./min. 
(1) With sneak 9-5 16 23 27 60 
(2) With mouthpiece 10-1 17 19 Sg 
Mean 9-8 165 21 275 615 


An expiratory sate is made of thin rubber sheeting strengthened by a light 
metal ring, A sampling tube opening on the distal side of the valve is sealed 
by the centre of the rubber sheet just before the valve opens during expention. 
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Sampling therefore takes place only during inspiration, and extracts the final 
10-15 ml. of the last expiration. The valve was found to operate correctly 
from the mechanical point of view at ventilatory rates of 9-65 1./min with 
a suction. of 40 mm Hg applied to the sampling tube. The collecting bag is in 
the form of a concertina, and the pressure inside it reduced below atmospheric 
by hanging a weight from its lower plate. The apparatus extracts 200 ml. 
air/min with a weight of 31b. 

Table 1 shows comparisons between end-expired air obtained with the valve, 
and alveolar air obtained by the method of Haldane & Priestley (1905) during 
steady-state work. There is a discrepancy of 7-8% standing but the methods 
agree to within 3% at ventilatory rates of 16-5-61-5 1./min during steady-state 
work, whether the valve was used with a mask or a mouthpiece. The small 
discrepancies that were observed at these work rates probably represent real 
variations in alveolar air composition. The Haldane—Priestley samples were 
not entirely reliable at the highest work rate as the subject was unable to 
co-operate fully. 
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A cadmium sulphide photocell exposure meter. By R. Barer and 
R. G. UnpERwoop. Department of Human Anatomy, University of 


(1) Araldite-insulated electrodes; (2) small volume pump; (3) 
concentric injection tubes; (4) vibrator. By 0. B. Saxsy. 
Department of Pharmacology, University of Oxford 


On the uses of ‘ Cellosolve’ in bietebaaieat technique. By W. 


and E. H. Leacn. Laboratory of 
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| A histological study of the lateral geniculate body of the monkey 


following section of one optic nerve. By P. Girxs, T. A. Marsianp, 
C. Pearson and A. C. Smrra. University Laboratory of Physiology, Oxford 


The cutting of one optic nerve produces rapid fibrous and cellular changes in 
three layers of the six-layered geniculate body in a district manner: (1) degenera- 
tion of boutons; (2) transneuronal atrophy of the post-synaptic neurone. 

Both these morphological changes were used previously to examine the 
termination of optic fibres in the lateral geniculate body. It was found that 
ipsilateral fibres terminate in layers 2-3-5 and contralateral fibres in layers 
1-4-6 (Glees, 1940; Glees & Le Gros Clark, 1941). 

To re-examine the observation of Glees & Le Gros Clark (1941) that termi- 
nating optic fibres make mono-synaptic contact with post-synaptic neurones 
a study of this relationship has been made with an improved silver technique — 


_ (Marsland, Glees & Erickson, 1954) and fresh attention has been given to me 


related problem of transneuronal degeneration. 

To illustrate the time course of synaptic degeneration and of transneuronal 
atrophy serial sections have been made from material that has survived 
2-90 days after operation. 

In addition to the silver sections, slides that have been stained with gallo- 


-eyanine, luxol blue, P.A.S., for phosphatase and wih Gomori’s method, were 


exhibited, 
REFERENCES 
Glees, P. (1940). 146, 
Glees, P. & Le Gros Clark, W. E. (1941). J. Anat., Lond., 76, 295... 
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An apparatus for the graphic determination of respiratory 
metabolism. By A. F. Bicxrorp, W. H. Brovan and R, F. Morrram. 
M.R.C. Group for Research on Body Temperature Regulation, Department 
of the Regius Professor of Medicine, The Radcliffe Infirmary, Oxford 


Machines have been designed by various workers, including Hagedorn (1924), 
Scholander (1937) and Donald & Christie (1949), which can give graphic 


_ records of O, consumption and CO, production. The present apparatus. is 


basically that of Donald & Christie but modified specifically for measuring 
respiratory metabolism. 
The subject inhales room air from a flaccid nylon bag contained within an 


air-tight Perspex box of about 200 1. capacity. A 61. spirometer is connected 


to the space surrounding the bag in the box, into which the expired air passes. 
The expired air may pass either through a CG; absorbing material or may be 


returned direct to the spirometer. By alternately passing the expired air 
_ through the CO, absorber or through the by-pass, records can be obtained 
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either of O, consumption or of the respiratory difference (O, consumption—CO, 
production), from which CO, production and z.g. can be determined. 

In this apparatus it is essential that no changes of pressure, temperature, or 
water vapour content occur between the inspired air leaving the bag and the 
expired air returning to the spirometer. The following precautions have been 
taken. The bag containing the inspired air is made of 0-002 in. (0-05 mm) nylon 
sheet, supported from the walls of the box so that its tendency to collapse is 
reduced to a minimum. This is preferred to rubber as it is almost imper- 
meable to CO,. The air used to fill the bag is passed first through a sintered 
glass funnel under warm water to saturate it with water vapour, and then 
through a cooler consisting of thin-walled copper tubing immersed in a 
vigorously stirred water-bath made of 7g in. copper sheeting. Tests have shown 
that the temperature of the water and the air leaving the cooler seldom differ 
by more than 0+1° C and that the water-bath always remains within 0-5° C of 
the ambient temperature. The expired air, after passing through the by-pass 
or the CO, absorber, also passes through the cooler to ensure that the heat 
imparted to it by the subject and the removal of CO, is lost before the air 
enters the spirometer. Once the expired air enters the spirometer, it comes 
into contact with a large volume of water which is exposed to the environment 
through the outer case of the spirometer made of ;; in. copper sheet. 


Taste 1. Comparison of box-bag machine with Douglas bag—Haldane method 


No. of slopes O, uptake CO, production B.Q. 

Machine run 1 4 | 291 : 264 0-91 
Douglas bag 1 — 256 243 0-95 
Machine run 2 6 266 238 0-90 
Douglas bag 2 — 261 228 0-87 
ine run 3 7 252 222 0-88 
Douglas bag 3 — 259 232 0-90 

_ Machine run 4 6 258 . 226 0-88 


Another possible source of error in the spirometer trace is the resistance 
offered by the CO, absorbent. It is essential that this should be the same as 
that of the by-pass, otherwise there will be alterations in the end-expiratory 
_ volume and in the gas exchange of the subjects due to this cause. 

_ The apparatus has been checked in two ways. First, two people determined 
O, consumption from the spirometer traces independently of each other. The 
difference between their determinations on individual slopes ranged from 
_ +33 to —32 ml./min, but the difference between the two mean estimates 
based on 22 slopes was only 1 ml. Secondly, runs on the machine were 
alternated with 10 min collections of expired air in a Douglas bag, measure- 


ment of its volume and analysis of a sample in a 10 ml. Haldane gas analyser. 
The results of one such trial are shown in Table 1. 


The authors wish to express their gratitude to Dr 8. A. Leader of Portland Plastics Ltd for 
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A development of Haldane’s gas-analysis apparatus. By B. B. Luoyp. 
University Laboratory of Physiology, Oxford 

The apparatus* is made of borosilicate glass, with appropriate strengthening 

_ bridges R, and is largely enclosed in a water jacket which should be stirred. 

_ At the top of the burette there is a five-way tap, the plug of which has four 


separate bores. The first position (1) of the plug connects the burette by a 
diagonal bore with the inlet tubulure J for admission of the sample, the second 
by a U-bore with the potash pipette K for absorption of CO,, the third by 
_ another U-bore with the pyrogallol pipette P for absorption of O,, and the 
fourth by another diagonal bore with the outlet tubulure O for disposal of the 
3 * Pending patent application. 
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residual gas. The absorption pipettes each contain six glass tubes surrounding 
a central glass rod and have index marks on the tubes joining them to the tap. 
At the bottom they run backwards and upwards into twin cylindrical chambers 
C interconnected at their upper ends, which terminate in a common conical 
tubulure F with a small hole on one side and a ground-glass cap with a side 
arm S. This arrangement constitutes a tap through which exhausted absorbents 
and washing water may be sucked out, and through which air may be released 
or admitted between analyses, The absorbents (Haldane & Graham, 1935) are 
introduced into their respective pipettes by means of a syringe fitted with a 
polythene tube passed through F. They are each covered with about 12 ml. 
of liquid paraffin in C. When the cap is on and closed the common air space 
above the layers of paraffin provides a compensating volume which remains 
constant if the absorbents are brought to their index marks by means of the 
mercury in the burette and the reservoir. The volume in the burette is thus 
unaffected by changes in temperature during an analysis, and the open potash 
reservoir and the third index mark of Haldane are dispensed with, so that 
levelling is simple and quick, and changes in atmospheric pressure affect only 
the mercury. The pyrogallol side is fully compensated, and CO, plus O, can be 
estimated without reference to the potash pipette, the sample being introduced 
through 0. 

_ For some purposes a modified apparatus in which the plain tubulure 0 is 
replaced by the conically ground tubulure LZ with an inverted L-bore is better. 

Interchangeable ground-glass sockets with side arms (A) leading to absorption 
or combustion pipettes can be fitted to L, a tap thus being formed. 

The apparatus is easier to mount, maintain, clean and fill than Haldane’s, 
and yields results of similar accuracy. It is quicker to use, an analysis for 
CO, and O, taking 3 or 4 min after the sample has been introduced into the 
burette, and the movement of the mercury is partly controlled by the 
compression of the enclosed volumes of gas. Novices can get good results with 
it. The dead spaces are small, the absorbents are wholly protected against 
atmospheric pollution, and there are no joints involving —- tubes, 
which can introduce leaks or volumetric errors. 
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A method for recording O, consumption minute by minute. By 
G. 8. Dawes and Joan C. Morr. Nuffield Institute for Medical Research, 
University of 
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__ A threefold increase in O, consumption at birth. By G. 8. Dawzs 


and Joan C. Morr. Institute for Medical Research, 
of Oxford 
In a previous paper (Acheson, Dawes & Mott, 1957) it was remarked that the 
resting O, consumption of anaesthetized lambs increased greatly at’ birth, even 


_ in the absence of perceptible shivering. Subsequent observations have con- 


firmed that there is a threefold increase, which may occur as early as 4 hr 
from natural birth. 
In thirty-seven foetal lambs, ranging in gestation age from 79 to 146 days, 


anaesthetized with dial-urethane, pentobarbitone or chloralose, umbilical 


blood flow was measured with a venous occlusion plethysmograph, density 
flowmeter or velodyne flowmeter. The 0, consumption (calculated from 
umbilical flow x (A—V) O, difference) ranged from 2-8 to 6-4 ml./kg.min. In 
eight lambs, artificially ventilated and kept warm, O, consumption was 
3-6-6-5 ml./kg. min within 2 hr of delivery by Caesarean section. These figures 
are in the same range as those of twelve adult ewes, 2-9-6-9 ml./kg.min. In 
thirty-one lambs from 4 hr to 8 days of natural birth, 0, consumption ranged 
from 7-1 to 16-0 ml./kg. min; in all but eight lambs it exceeded 10 ml./kg. min. 
All measurements were made at rectal temperatures of 38-40° C. 

If the resting metabolic rate of a foetus is the same as that of the mother, 
and if the metabolic rate of a new-born homoiotherm is proportional to its 
surface area, then one would expect an increase in resting 0, consumption of 
about this magnitude (changes in 8.9. will not affect the calculation greatly). 
An adult ewe of 50 kg and 1-1 m* has an O, consumption of about 4-5 ml./ 
kg.min or 214 ml./m*.min. A 2-day-old lamb of 5kg and 0-33 m* has an 
0, consumption of about 12-5 ml./kg.min or 190 ml./m*.min. The rate of | 
0, consumption of the 2-day-old lamb/unit surface area is therefore about the 
same as that of the ewe. Unless the lamb increases its 0, consumption at birth 


_ by about threefold, one would not expect it to be able to maintain its body 


REFERENCE 
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Amino acid decarboxylases of mouse cells. P. and 


F.L, Lex, Department of Pharmacology, Harvard Medical School, Boston, 
Massachusetts - 


Homogenates of mouse mast cell tumours (Furth, Hagen & Hirsch, 1957) have 

been examined for their ability to decarboxylate the following amino acids: 

histidine, 5-hydroxytryptophane, glutamic acid, dopa and cysteic acid. Using 

a manometric technique and homogenates fortified with pyridoxal-5-phos- 

phate, only dopa decarboxylase and decarboxylase 
a3 
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were detected. By differential centrifugation both enzymes were found to be 
concentrated in the non-particulate cytoplasm of the mast cell. The mano- 
metric technique was not sufficiently sensitive to detect the other decarboxy- 
lases when incubation was less than 30 min. 

Histidine decarboxylase was demonstrated in preparations of particle-free 
cytoplasmic material which has been dialysed against phosphate buffer until 
free from histamine. These preparations were incubated with histidine in the 
presence of added pyridoxal phosphate. Samples withdrawn 1, 5, 10 and 
20 min after adding the histidine were assayed for histamine, using the 
guinea-pig ileum, The rate of histamine synthesis was between 0-35 and 
0-55 mg/g original tissue per hour. 

Despite the presence of dopa decarboxylase no dopamine was detected. The 
presence of both histidine decarboxylase and 5-hydroxytryptophane de- 
carboxylase indicates that mast cells have the capacity to synthesize both 
histamine and 5-hydroxytryptamine. 

Aided by U.S.P.HLS. grants no. B-1470 and no. C-2547 (to J. Furth). 
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The effects of exercise on diurnal excretory rhythms in man. By 
-P.R. Lewis and Mary C. Loppan. Anatomy School and the Epecmnon! 
Laboratory, University of Cambridge 

In recent studies of the changes induced in physiological diurnal ani in 

man by abnormal environmental routines considerable attention has been 

given to the excretory rhythms (Mills, 1951; Stanbury & Thomson, 1953; 

Mills & Stanbury, 1952; Lewis & Lobban, 1956, 1957, 6). Such work has been 

carried out under carefully controlled conditions of diet, fluid intake and 

external environment; and severe or even moderate exercise has been excluded 
from the experimental regimen of the subjects during recording periods. 

The immediate effects of short periods of severe exertion upon urinary 
excretion are well recognized. Observations taken on subjects who have spent 
prolonged periods of activity in the field, however, and in whom special 
precautions have been taken to avoid dehydration and/or salt depletion show 
that such exercise may still have a profound effect upon the diurnal excretory 
rhythms of the subjects. Two young male subjects whose excretory rhythms 
showed good initial adaptation to a 27 hr routine spent 25 days of activity in 
the field in an Arctic summer environment. During the whole of this time 
they adhered to the 27 hr routine and were careful to maintain an adequate 
_ intake of electrolytes and of fluids. On return to base for a further recording 
period the excretory rhythms of these subjects were found to be completely 
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disorganized, Although the total excretion of water, chloride and potassium 
_ for each subject on each 27 hr ‘day’ was normal in amount, the initial adaptation 
__ of the excretory rhythms to the 27 hr routine had disappeared, and there was 
_ a strong tendency for the excretion of all three urinary constituents to follow an 
_ intrinsic 24 hr rhythm. Satisfactory adaptation of the excretory rhythms to 
the 27 hr routine was not restored until seven 27 hr ‘days’ had elapsed. 
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_ Acute postural alterations in aldosterone output in man. By 


A. H. GowEntock*, J. N. and 8, THomas. of Medicin 
and Physiology, University of Manchester 


_ The alterations in urinary cation excretion which follow the assumption of the 
erect posture have been variously ascribed to alterations in renal haemo- 
_ dynamics or in renal tubular behaviour. Thomas (1957) produced evidence 
__ that a change in renal tubular behaviour is involved, and tentatively suggested 
_ that this could result from an increased production of aldosterone. The 
_ alterations in renal excretion on standing up are very similar to those which 


follow intravenous injection of aldosterone (Mills & Thomas, unpublished). 


_ Assays of urinary aldosterone have now been performed by the method of 


Ayres, Garrod, Simpson & Tait (1957) and have shown an increased excretion 


_ on standing up. 


In order to obtain sufficient urine for assay, urine from four to eight subjects 
has been pooled. Initial collections were made during 2 hr recumbency. Some 
groups of subjects 1 remained recumbent for a further 3 hr, while others stood 


- up for 3 hrin air or water, discarding the urine produced during the first hour, 


and collecting the second and third hours’ urine. The aldosterone output fell 
in those who remained recumbent, and rose in those wn stood up in air, and 


- fell in those who stood in water. 
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Dependency of oxygen consumption of skeletal muscle upon the 
number of stimuli during work in the dog. By J. T. Farzs*, 
S. R. Hersey and K. L. Zirerter. Departments of Medicine and 
Environmental Medicine, The Johns Hopkins University, Baltimore, 
Maryland 


It is known from studies of excised frog muscle that the more work a muscle © 
does, the more oxygen it consumes (Hill, 1940; Fischer, 1931; Fenn, 1927). 
The present experiments were made with the aim of defining more completely 
the factors determining the extra oxygen uptake. 

The isolated normally circulated gastrocnemius-plantaris muscle group of the 
dog was used. Oxygen uptake was determined by measuring venous blood 
flow with a volume recorder and the oxygen content of arterial and venous 
blood with a spectrophotometric method (Stainsby, Fales & Lilienthal, 1955). 
An isotonic lever system utilizing a pneumatic principle was used to measure 
free-loaded work (Fales, Lilienthal, Talbot & Zierler, 1958). The muscle group 
was stimulated indirectly by supramaximal shocks to the sciatic nerve. 

Isotonic work done was varied by: (i) making the muscle do the same work 
a different number of times; (ii) varying the load against which the muscle 
contracted; (iii) varying the amount of shortening of the muscle by limiting 
the duration of repetitive stimulation. The effect of frequency of stimulation 
was assessed by using two frequencies in conditions (i) and (iii). It was found 
that the extra oxygen uptake of the muscles after activity was proportional 
to the work done only under condition (i). Under all conditions, however, the . 
extra oxygen uptake was directly related to the number of impulses delivered 
to the muscle. At a low frequency of stimulation the extra oxygen uptake 
associated with each impulse was greater than at a high frequency. 

The above experiments suggested that the extra oxygen uptake associated 
with isometric contraction might be about the same as that associated with 
work so long as the same number of impulses was delivered in each case. The 
effect of isotonic work and isometric tension development on oxygen con- 
sumption were therefore compared in the same preparation. It was found that 
although the type of contraction may have a modifying influence, the extra 
oxygen uptake was mainly a response to the number of impulses delivered to 
the muscle at any given frequency. 


Supported by Office of Naval Research and grants from National Institutes of Health, U.S.A. 
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The influence of the intra-ocular pressure on the formation of the 

aqueous humour and the outflow resistance in the living eye. 

By M. E. Lanouam. M.R.C. Ophthalmological Research Unit, Institute 

of Ophthalmology, Judd Street, London, W.C. 1 
An investigation is being made of homoeostatic mechanisms influencing intra- 
ocular dynamics, and this communication presents the results of certain 
preliminary experiments. Isotonic saline phosphate was infused into the 
anterior chamber of rabbits and the intra-ocular pressure recorded; results of 
typical ne on living and — snuclested eyes are recorded in 
Fig. 1. 


60r- 


T 


q 


1.0.P. (mm Hg) 


Infusion (yl./min) 
Fig. 1. The effect of infusions of saline phosphate on the steady state intra-ocular pressure in 


& pair of living eyes (-O—O-) and in a freshly enucleated eye (-@—e-). Curves have 
been drawn by eye. 


In dead eyes the resistance to outflow was found to be approximately 
constant for pressures from 5 to 50 mm Hg. In living eyes the curve relating 
the intra-ocular pressure with different infusion rates showed positive curva- 
ture and indicated that changes in either aqueous humour formation or the 
outflow resistance took place as the intra-ocular pressure increased. This is in 
contrast to the assumption implicit in tonographic studies that the increased 
_ intra-ocular pressure caused by placing a tonometer on the eye does not 
_ influence aqueous humour formation or the outflow resistance. 
There is a possibility that the reaction of the living eye to infusions of fluid 
_ into the anterior chamber is dependent on compensatory mechanisms involving 
sympathetic nervous activity. Thus after section of the preganglionic cervical 
sympathetic fibres the curve relating infusion rates with the intra-ocular 
_ pressure was approximately linear for pressures up to 50 mm Hg. 
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Some effects of noradrenaline and adrenaline on the thyroid. 
By J. F. Mowpray and W. 8. Peart. Medical Unit, St Mary’s Hospital, 
London, W. 2 


In patients with phaeochromocytoma, secreting adrenaline and noradrenaline, 
it has been observed that the thyroid may swell considerably during attacks of 
hypertension (Strombeck & Hedberg, 1939). Barnett, Blacket, Depoorter, 
Sanderson & Wilson (1950) observed a similar swelling with intravenous 
infusion of noradrenaline into one normal subject. The present work has 
extended these observations in a study of the effects of these substances in 
man and the dog. Of forty-four human subjects given intravenous infusions 
of noradrenaline, forty-three showed a considerable increase in thyroid size. 
Three of these subjects also had bruits over the thyroid during the infusion. 
None of the eleven subjects having adrenaline infusions showed any change in 
size. As it was thought that the increase in size might be due to changes in 
flow, measurements of blood flow in the human thyroid were made, using a 
heated thermocouple needle modified from that described by Hensel & Ruef 
(1954) inserted direct into the thyroid. There was an increase in flow with 
intravenous noradrenaline and a slight decrease with adrenaline. In the dog 
thyroid blood flow and size were measured directly in anaesthetized animals 
(Nembutal; Abbott). To measure blood flow all the draining veins save one 
were tied off and the effluent from this passed through a modified Gaddum drop 
recorder, Changes in volume of the thyroid lobe were measured in a plethysmo- 
graph. In four dogs the effects of intravenous infusions resembled those in 
man. However, small doses of noradrenaline infused into a thyroid artery in 
two animals caused vasodilation. Larger doses of noradrenaline and all doses" 
of adrenaline caused vasoconstriction. An increase in the volume of the thyroid 
was observed in only one out of four dogs using intravenous noradrenaline and 
never with adrenaline. No change in flow occurred in one experiment when 
the vagosympathetic trunk of the dog was stimulated electrically. In man no 
changes were shown in uptake of #1I or the level of circulating protein bound 
181] during infusions of adrenaline or noradrenaline. The most likely explana- 
_ tion of the blood flow findings is that with intravenous noradrenaline the 
increase in flow due to increased blood pressure is not countered by local 


vasoconstriction, whereas with adrenaline local vasoconstriction re 3 
the rise in pressure. 
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The disappearance of oxytocin from the circulation of rats. By 
M. Ginssure and M. W. Smira. of University 
of Bristol 

Oxytocin (Pitocin; Parke, Davis and Co. Ltd.), 200 m-u./100 g body weight, 

was injected into an external jugular vein of rats anaesthetized with ether and 

blood samples were obtained from a carotid artery at intervals up to 26 min 

_ after the injection. Oxytocin was extracted from the plasma and the extracts 

were assayed on the superfused uterus of a rat in oestrus. The extraction 

method, essentially precipitation of plasma proteins with 10 vol. of dry 
acetone, gave recoveries of 84-5+3-2% (s.n. of 12 observations) of added 
oxytocin. 

The disappearance of injected oxytocin from the circulation in male rats 
followed an exponential course with a half-life of 1-66+0-13 min (7), the 


plasma concentration falling from 18-6 + 1-4 m-u./ml. (7) Jmin after injection 


to levels near the limits of detectability (0-5 m-u./ml.) 6 min later. After 
ligation of the coeliac and superior mesenteric arteries, division of the descending 

colon and left colic artery between ligatures and ligation of the portal vein, 
the disappearance of oxytocin was slightly retarded (half-life = 2:12 + 0-20 min 
(4)), while removal of both kidneys had a greater effect, increasing the half- 
life to 2°95 + 0-20 min (6); in both circumstances the concentration of ~~ 
in plasma fell exponentially with time. 

When the vessels to the splanchnic vascular area were ligated and the 
kidneys removed, the concentration of oxytocin in plasma fell, during the 
6-8 min immediately following the injection, at a rate slower, but not 
significantly different, from that in rats which were nephrectomized only. 
When the concentration of oxytocin reached between 3 and 7 m-u./ml. plasma 
a steady level was maintained, no further fall in concentration being observed 
up to 26 min after the injection. This finding suggests that in male rats the 
clearance of oxytocin from the body is dependent upon the kidneys and organs 
of the splanchnic vascular area. 

The disappearance of oxytocin from the circulation in female rats in oestrus 
was not significantly different from that in male rats (half-life = 1-73 + 0-10; 
(5)). In lactating rats the half-life was significantly shorter, being 1-19+ 
0-05 min (6), and after removal of the kidneys and ligation of the vessels to 
the splanchnic vascular area the oxytocin concentration fell to levels beyond 
the limits of detectability. It may be concluded that in lactating rats the 
clearance of oxytocin is not solely dependent on the kidneys and organs of the 
splanchnic vascular area. 
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Influence of area postrema ablation on the emetic effect of 
adrenaline, apomorphine and pilocarpine administered by 
cerebral intraventricular injection in the cat. By H: L. Borison. 
National Institute for Medical Research, Mill Hill, London, N.W.7 

The drugs were injected in a volume of 0-25 ml. through a permanent cannula 

implanted in the lateral cerebral ventricle (Feldberg & Sherwood, 1953). 

Injections were made at approximately weekly intervals. After having found 

the effective doses for evoking emesis in normal cats the same doses were 


injected intraventricularly in cats in which the area postrema was chronically 


1 
Normal cats Operated cats 
7 Dose No. No. No. No. 
Drug bee (mg) tested vomited tested vomited 
orphine 25 
1-0 6 5 7 1 


6 The two cats which did not vomit were found post-mortem to have cerebral abscesses. 
- + Three of the cats were tested pre-operatively and vomited to the same dose. 


ablated by means of heat cauterization. Functional adequacy of the ablation 
procedure was ascertained by post-operative emetic refractoriness to intra- 
venous lanatoside C, a cardiac glycoside (Borison, 1952). The emesis obtained 
by intraventricular injection of the hydrochlorides of adrenaline and apomor- 
phine in normal cats no longer occurred after ablation of the area postrema; 
vomiting in response to intraventricular pilocarpine hydrochloride was only 
partially blocked. The results are summarized in Table 1. Latent periods 


for vomiting varied according to the drug administered, but responses generally 
occurred within 10 min after injection. | 


REFERENCES 
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The influence of calcium upon the sodium and potassium content 
of isolated rat myocardium. By R. L. Spzrrs. of. 
Physiology, King’s College, London 


When the calcium concentration in the alii. is raised above normal 
(2-5 mm), there is a rapid, maintained increase in the amplitude of the con- 
tractions of electrically stimulated rat ventricle strips; the reverse also occurs. 
Preparations rendered hypodynamic by a short period of anoxia or by pro- 
longed activity show increased sensitivity to variations in the calcium con- 
centration. This might be associated with the change in the Na+ and K+ 
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content of such hypodynamic preparations, reported by Hercus, McDowall & 
Mendel (1955) and Reiter (1955), since calcium may effect Na transfer in heart 
~ muscle (see Weidmann, 1955). It seemed desirable, therefore, to study whether 
different external concentrations of calcium can alter the levels of intracellular 
Na+ and K*, and, if so, whether the sensitivity of the mechanical response to 
- changes in calcium concentration is related to the intracellular Na+ and K+ 
content, 

_ Total and extracellular water, Na+ and K+ were determined in stimulated 
and unstimulated muscle strips. The methods employed were those described 
by Hercus e¢ al, (1955). Intracellular concentrations were calculated as 
m-mole/litre fibre water. Three concentrations of CaCl, (0-625, 2:5 and 7-5 mm) 
were used in the media. 

During the first 200 min in oxygenated Krebs’s medium (2-5 mm Ca,+) at 
33° C, the muscle strips took up Na* and lost K+. In one of a series of experi- 
ments, for example, the concentrations of Na+ and K+ after 240 min, in 
resting muscle were: Nat, 77-54+5-3 (s.p.) (12); K+ 107+9-6 (11). With 
7-5 mm-Ca** in the medium, the uptake of Na+ was reduced relative to the 
controls (Na*, 70-5 + 5-7 (10), P <0-05 > 0-01), but K+ loss was not significantly 
altered (K+ 109-8 +9-2 (10)). With 0-625 mm-Ca*+ in the medium there was 
a small increase in both the uptake of Na+ and loss of K+, but this was not 
statistically significant (Nat, 82:5+3-9 (7), P>0-05; K+, 100+9-6 (8), 
P>0-1). These findings have been seen with both electrically stimulated and 
unstimulated muscle strips. 

In muscles which had been rendered anoxic, increased Ca*+ (7-5 mm) during 
the recovery period reduced the uptake of Na+ relative to the controls 
(P=0-05, n =24), but again the loss of K+ was unaffected. The uptake of Nat 
and loss of K+ which occurred in muscles during the period of anoxia were 
increased in the presence of high Ca*+ (7-5 mm) relative to the controls (is at, 
P=0-01, n=18; K+, P<0-01>0-001, n=11). 

It would appear that calcium can affect Nat uptake 4 in the ventricle be 
under certain conditions, but it is still uncertain whether the sensitivity of 
the mechanical response to different concentrations of calcium is related to 
the — content of the muscle. 
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The action of tyramine on vessels from reserpine-treated animals. 
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The release of neurohypophysial hormones in the rabbit by 
anaesthetics and by haemorrhage. By R. R. Cuaupnury and 
J. M. Watxer. Department of Pharmacology, University of Oxford 
Some anaesthetics are known to release antidiuretic hormone (ADH) from the 
neurohypophysis, but very little is known about the release of oxytocin. 
Using Bisset & Lee’s (1957) method of preparing extracts of blood, we have 
measured the concentration of oxytocin in blood taken from the carotid artery 
of conscious rabbits, and of rabbits under various anaesthetics. Oxytocin 
could never be detected in blood from unanaesthetized animals, but was 
present in the blood of animals under ether (0-8 + 0-25 m-u./ml.), urethane 
(0-6 +0-14 m-u./ml.), and pentobarbitone (2440-4 m-u./ml.). Infusion of 
adrenaline (5ug/min) did not prevent the release of oxytocin by pento- 


barbitone. 


In four experiments the concentrations of both oxytocin and ADH were 
determined in the blood of rabbits under pentobarbitone. The ratio oxytocin: 
vasopressin varied between 26:1 and 15:1. 

We have also studied the release of oxytocin in rabbits by haemorrhage, 
which was found by Ginsburg & Brown (1956) to release ADH in rats. When 
about one-third the total blood volume was withdrawn from a conscious 
rabbit within 1 min, a sample of carotid blood taken immediately after con- 
tained no detectable oxytocin. In rabbits anaesthetized with ether, urethane 
or pentobarbitone, such a haemorrhage did not increase the concentration of 


_ oxytocin already present. | 
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Environmental and other factors affecting nutritional ketosis. 
By R. E. Jounson and F. Sarcznt, II. Department of Physiology, 
University of Iinois, Urbana, U.S.A. | 

During studies of survival rations for air-crews, continuous nutritional 

observations were made on 198 healthy young men for 6 weeks. In forty-eight 

of these subjects nutritional ketosis was produced for 2 weeks by either 
starvation ; a diet high in fat, but low in protein and carbohydrate; or a diet high 
in fat and protein, but devoid of carbohydrate. Paired feeding techniques were 
used for groups of two to four subjects. It was possible to determine separately 
the relation between nutritional ketosis and five variables: (1) environmental 


temperature (winter and summer); (2) total calorie intake (0, 1000 and 2000 


cal/day); (3) water balance (unlimited water and water restricted to 910 ml./ 
day); (4) duration of dietary regimen (1 and 2 weeks); and (5) work (a daily 
march of 4 or 20 km). Rate of urinary excretion of total ketone bodies was 
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estimated from timed specimens of urine collected post-absorptively during 
_ standardized conditions of rest and recumbency, Venous blood was drawn 
during this same period. As judged by ketonuria and ketonaemia, the keto- 
genicity of any diet (including starvation) was reduced very significantly by 
warm weather, by increase of caloric intake of the same diet, and by a 
reduction of fluid intake. Ketosis diminished in the second week of a fixed 
- regimen, and tended to be less with increased daily work, Orthodox concepts 
of nutritional ketosis must be modified to explain these results. The ‘ketogenic- 
antiketogenic ratio’ of Shaffer (1921) is certainly important, but the ultimate 
ketosis is affected also by environment, total dietary intake, hydration, 
duration of regimen and daily work. 


REFERENCE 
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Modification of post-exercise ketosis (the Courtice-Douglas 
effect) by environmental temperature and the water balance. 
By R. Passmore. Physiology Department, University of Edinburgh 


The ketosis that may arise following a 10-mile walk in the post-absorptive state 
(the Courtice—Douglas effect, 1936) has been studied in ten young men. Each 
completed a 10-mile walk followed by 6 hr of recovery on two occasions. One 
experiment was in a warm environment (about 24°C), the other in a cool 
environment (about 12°C). During each, measured amounts of water, 
sufficient to permit a good flow of urine, were drunk. For the previous 2 days 

a fixed adequate diet was eaten, providing 3000 kcal/day (1200 from fat, 450 
from protein, and 1650 from carbohydrate) and unlimited fluids. In eighteen 
of the twenty experiments, rate of urinary excretion of total ketone bodies 
following the walk was greater than during the walk. Ketosis developed in 
nine of the twenty experiments. (We define frank ketosis as ketonaemia above 
1-4 m-mole total ketone bodies per litre serum, ketonuria above 5y-mole total 
ketone bodies per minute, or both.) Six were in the cool environment. The 
greatest ketosis was observed in two subjects whose water balance was positive 
and who were in the cool environment. When there was a large negative water 
balance (—800 to —400 ml., 10 of 20 experiments), frank ketosis was not 
observed. It appears that the Courtice—Douglas effect is a general metabolic 
phenomenon whose magnitude in absolute terms may be modified by hydra- 

tion and environmental 


REFERENCE 
Courtice, F. C. & Douglas, C. G. (1936). Proc. Roy. Soc. B, 119, 381-439. 


3 
rie 
4 
We 
te 
ag 
De 
on 
/ 
- 
+3 
Sea 
is 
Z 
; 


18P PROCEEDINGS OF THE PHYSIOLOGICAL 


Sensitivity of the eye to differences in focus. By F. W. Camppgit and 
G. Westuzmer.* Physiological Laboratory, University of Cambridge 


Under normal conditions of near viewing continuous small oscillations inthe __ 


refractive power of the human lens occur (Campbell & Robson, 1958). They 
have a frequency of several cycles per second with an amplitude of 0-1-0-2 
dioptres. These oscillations could play a part in the mechanism by which the 
accommodation level is adjusted to seek and maintain a clear retinal image. 
To assess this hypothesis it is necessary to know the smallest change in focus 
setting that can just be perceived. Bho 


Threshold focus 


difference (dioptres) 


Induced myopia. Induced hyperopia 


~ Focus setting relative to optimum (dioptres) 


The subject’s eye was homatropinized to preclude possible clues due to 
accommodative tracking. A small high-contrast test object was viewed 
through a 3 mm artificial pupil against a uniform white background (50 mL) 
in an optical system in which axial changes in target position produce changes 
only in the focus but not in the size or illuminance of the retinal image. The 
_ target was rocked back and forth by a reversible motor at a rate of 2 c/s and 
the subject adjusted the excursion until some change in the target coincident — 
with the rocking frequency was just perceptible. . Measurements were obtained 
of excursions around target positions near the optimum focus and up to 
3 dioptres on the hyperopic and myopic sides. daca typical of our three 
subjects are shown in the figure. 

In the vicinity of the optimum focus the sensitivity decreases to values pre- 
dictable from measurements of the depth of field (Campbell, 1957).. The 
minimum value of perceptible focus difference, about 0-2 dioptres, is near the 
maximum amplitude of accommodative oscillations. It would thus appear 
that the magnitude of these oscillations is such that they must be accounted 
for in the description of the sensory-motor response loop of the eye’s ssa 
mechanism. 
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Some observations concerning the electrophysiological basis of 
the action of acetylcholine and adrenaline on smooth muscle. 
By G. Burnstock. Department of Pharmacology, University of Oxford 

The ‘sucrose-gap’ technique has been found useful as an alternative to the 

difficult method of intracellular recording from smooth muscle (Burnstock & 


Straub, 1958). Changes in membrane potential can be measured accurately _ 


for several hours. In addition, by driving the preparation electrically 
(Bilbring, Burnstock & Holman, 1958), regular spikes of up to 30 mV are 
produced whose conduction velocity can be determined. Ganglion-free smooth 
muscle from the taenia coli of the guinea-pig was used throughout. : 
_ Acetylcholine (ACh) lowers the resting potential and increases spike 
frequency and tension. In the present investigation it was found that ACh 
has a diphasic action on conduction velocity. Initially this is faster than 
normal, but after 2 or 3 min, it falls below the initial velocity to a value 
comparable with that observed in solutions containing high potassium. During 
the first few minutes the spike height is reduced and the slope of the pre- 
potential increased, while later, as shown with micro-electrodes — 
1957), there is a reduction in the rate of repolarization. 

In the presence of high concentrations of K+ or eserine, ACh no longer causes 
a contraction of smooth muscle, but causes relaxation (Cantoni & Eastman, 
1946; Biilbring, 1953). Under these conditions ACh causes a hyperpolariza- 
tion of the muscle membrane. The results obtained so far are best explained 
by a similar hypothesis to that put forward for the motor end-plate (Fatt & 
Katz, 1951), namely that ACh increases the permeability simultaneously to 
Nat, K+ and possibly to any other free ions present. It is also suggested that 
ACh may act as a local hormone controlling the excitability of the muscle. 

Adrenaline decreases electrical excitability (Bozler, 1940), increases the 
resting potential and abolishes spike activity. In the present experiments it 
was found that spikes are abolished before the membrane becomes hyper- 
_ polarized and reappear before the membrane potential returns to normal. 

_ Furthermore, spikes are abolished by adrenaline in muscle which has been 
depolarized by high [K+] or by DNP. These results suggest that excitability 
is not entirely dependent on the level of the resting potential, and that 
adrenaline may reduce excitability by inhibiting the mechanism responsible 
for the initiation of the action potential. The view that adrenaline increases 
the rate of uptake of K+ (Born & Biilbring, 1956) is supported. Adrenaline 
may act also by antagonizing the local release of acetylcholine a 
1958), thereby indirectly reducing — 
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Binocular vision in frogs. By R. M. Gazz. Department of Physiology, 
University of Edinburgh 

Recently a point-to-point projection from the retina to the contralateral optic 
lobe has been found in the frog (Gaze, 1958). The present experiments on 
Rana temporaria have shown, by the method of stimulating the eye with a 
small light and recording from the optic lobes, that the visual field of one eye 
is overlapped anteriorly by that of the other to the extent of approximately 
60°. Within this area of visual field common to both eyes, a small visual 
stimulus sends impulses from one eye to the appropriate part of the contra- 
lateral optic lobe, and from the other eye to the same place. Each eye pro- 
jects in this way to both optic lobes; and any point in space within the over- 
lapping parts of the visual field is represented, binocularly, at one point on 
one optic lobe and at another point on the other. The pathway responsible for 
these ipsilateral responses is not known; there do not appear to be any 
uncrossed fibres in the optic chiasma of the frog (Cajal, 1898). , 
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Effect of change of posture and exercise on plasma adrenaline and 
noradrenaline. By A. F. Munro and R. Rosinson. King’s College, 
London, W.C.2, and National Spinal Injuries Centre, Stoke Mandeville 

Hospital, Aylesbury, Bucks 


An increase in plasma catecholamines, mainly of noradrenaline (NAd), occurs 
in normal subjects on standing up. This is not found when subjects with high 
complete transverse lesions of the spinal cord are moved from the horizontal 
to the vertical position. It does occur in spinal subjects with complete lower 
cord lesions who can stand up without assistance (Munro & Robinson, 1958). 

Measurements of plasma adrenaline (Ad) and noradrenaline (NAd) have 
now been made in a series of normal subjects (a) before and after standing up, 
and (b) before and after being tilted from the horizontal to the vertical position. 
Standing up involves some muscular effort. In tilting this is eliminated and 
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any changes in sympathetic activity which are due solely to the effects of 
gravity on the circulation may thus be assessed. 

The effects on plasma Ad and NAd of exercise of different intensities was 
investigated. 

Twenty-six subjects, mainly men and women medical students, were 
employed in the investigation. For the experiments on change of posture 
subjects lay down for 40 min in a comfortably warm room before standing up 
or being raised to the vertical position passively on a tilt table. Blood samples 
_ were taken immediately before and 2 min after the assumption of the erect 
posture. For the experiments on exercise, six male students worked a bicycle 
ergometer for 20-30 min at a rate of 6000-7000 ft.Lb./min (140 W approx.), 
i.e until profuse sweating and near exhaustion occurred. Blood samples were 
also taken from two male medical students after a 440 yards (400 m) sprint 
and from a third after he had run 31 miles (49 km) in 4} hr. | 

Plasma Ad and NAd were assayed by a fluorimetric method (Munro & 

Robinson, 1958; Robinson & Stott, 1958). 
The results show that tilting to the vertical position significantly arena 
the plasma NAd above the resting value. The increase in plasma NAd pro- 
ducéd by standing up was no greater than that produced by tilting. An increase 
in plasma NAd occurred in each type of exercise investigated except the long- 
distance run. 

There was very little change in plasma Ad after tilting, standing, or exercise 
on the bicycle ergometer. On the other hand, the quarter mile and the long- 
distance run both resulted in an increase in plasma Ad. 

Tilting produced some increase in plasma Nd in all the subjects examined 
except two who fainted a few seconds after the second blood sample was taken. 
In one of these the plasma NAd was too low to be measured. 

The observed changes in heart rate and blood pressure did not correlate 
with the changes in Ad or NAd. : 


Munro, A. F. & Robinson, R. (1958). J. Physiol. 141, 4P. 
Robinson, R. & Stott, F. D. (1958). Biochem. J. 68, 28 P. 


The effects of 5-hydroxytryptophan (5-HTP) on acid gastric 
secretion in anaesthetized dogs. By J. W. Brack, E. W. Fisner 
and A. N. Smrrx. Departments of Surgery and Veterinary Physvology, 
Unwersity of Glasgow 

In the alimentary tract 5-HT resides principally in saniniia cells, and the 

view has been put forward by Dalgliesh & Dutton (1957) that these cells may 

also be the exclusive source of 5-HTP. Since it has been shown that 5-HT has 
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an inhibitory action on histamine-stimulated acid gastric secretion in dogs 
anaesthetized with chloralose and urethane (Black, Fisher & Smith, 19582) 
we have examined the effects of the precursor 5-HTP under similar conditions. 
These effects were as follows: 

(a) Doses of 5-HTP, 5-20yg/kg/min, inhibited the secretory response to 
5 g/kg/min of histamine but after a latent period of 30 min or more. ; 

(6) Repeated infusions of 5-HTP led to more prompt inhibition of acid 
secretion. 

(c) 5-HTP effects were to those of 5-HT; each the 


secretory rate and caused blood pressure changes, but whereas 5-HT produced — 


these effects in 2 min, the effects of 5-HTP were not apparent till after a delay 
of more than 10min. 

(d) Bilateral cervical vagotomy misheilly reduced the inhibitory effect of 
5-HTP. 

It has been shown that recent feeding causes a fall in the acid secretory 
response to histamine (Black, Fisher & Smith, 19585). This difference that has 
been reported between starved and fed animals may be related to local 
changes in 5-HT in tissues of the alimentary tract and to inhibition of hist- 
amine-stimulated secretion by released 5-HT, since Stacey & Sullivan (1957) 
have shown that feeding increases the 5-HT in the wall of the intestinal mes, 
presumably from a precursor such as 5-HTP. 
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Serum factors which maintain muscle sodium at low values. 
By R. Crexsz, J. L. D’Stiva and Jzan Norruover. Department of 
Physiology, London Hospital Medical College, London, E.1 | 


Diaphragm muscles which have been soaked in physiological saline at 38° C 
gain large amounts of sodium; this is accompanied by some loss of potassium 
and gain of water (e.g. Creese, 1954). The increase of muscle sodium cannot 
be attributed to changes in the extracellular sodium as estimated from the 
inulin space. Attempts have been made to maintain isolated diaphragm 
muscles in conditions in which the sodium content of the tissue resembles that 
found in vivo. 
- The sodium content, of unsoaked muscles from rats of 110-120 g was 
32-7 m-mole/kg wet tissue + 0-4 (s.n. of 33 measurements). Muscles soaked for 
2 hr in saline had a sodium content of 48-6 m-mole/kg + 1-6 (s.z. of 12). When 
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diaphragms were soaked for 2 hr in reconstituted human freeze-dried serum 
which had previously been dialysed extensively against saline, the sodium 
content of the tissues was 35-1 m-mole/kg + 0-6 (s.z. of 12), which is signi- 
ficantly lower than the value for the saline controls (P < 0-01). The composition 
of the saline was the same as that used by Creese (1954) except that the 
potassium concentration was 5-0 mm. 

The proteins of human serum were precipitated by saturated ammonium 
sulphate, redissolved in saline and dialysed extensively. Saline fortified with 
protein in this manner resembled serum in its ability to maintain muscle 
sodium at a low level. The mechanism by which serum proteins (or other 
substances precipitated by ammonium sulphate) affect the sodium content of 
muscle is not known. Control experiments with sucrose gave no support to 
the view that the action of serum constituents could be attributed to osmotic 
effects. Frog muscles soaked in frog serum also show a low sodium content 
& Conway, 1954). | 
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Controlled differentiation of muscle. By A. J. Butier, J. C. Eccizs 
and Rosamonp M. Eccizs. Department of Physiology, Australian National 
University, Canberra 


In the 2-week kitten all skeletal muscles are slow, and some weeks later there 
is differentiation into the adult pattern of fast-pale and slow-red types (Meyer, 
- 1875; Denny-Brown, 1929). Muscles which are specialized for phasic con- 
tractions, e.g. gastrocnemius, develop brief contraction times, whereas tonic 
muscles, e.g. soleus, remain slow. In the adult the motoneurones supplying 
slow-red muscles have long after-hyperpolarizations, which are believed to be 
responsible for the low frequency of discharge that is appropriate for slow 
muscles, whereas with the motoneurones supplying fast-pale muscles the after- 
hyperpolarizations are usually much briefer (Eccles, Eccles & Lundberg, 1957). 
_ The question arises: Does the muscle differentiation produce an appropriate 
- change in the motoneurones, or are there primarily two types of motoneurones, 
the muscle differentiation being secondary thereto? 

An answer to this question is provided by nerve cross-union experiments. 
Nerves supplying two groups of muscles, lateral gastrocnemius-soleus on the 
one hand, and the peronei (longus, brevis and tertius) on the other, have been 
severed and cross-united in kittens 2-3 weeks old Some 5 months later the 
soleus. muscles were found to be exclusively innervated by the original nerve 
to the peronei and to be fast-contracting muscles (contraction times 33- 
35 msec, as compared with 71-85 msec on the control limb). With repetitive 
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stimulation there were comparable changes in the fusion frequencies. A further 
control was provided by the observation that there was no appreciable 
difference in the contraction times between the lateral gastrocnemii on the 
two sides. The nerve fibres from the fast peroneal motoneurones regenerating 
into the lateral gastrocnemius muscle had effected its differentiation into the 
fast type. 

Conversely, after cross-union between the nerves to the slow crureus muscle 
and the fast gracilis muscle (approx. 22 msec to summit in adult) the gracilis 
remained as a slowly contracting muscle (65 msec to summit), and usually 
had the characteristic redness. It was also found that in comparison with the 
control side the peroneal muscles innervated by the lateral gastrocnemius- 
soleus nerve had slow components in their twitches and tetani, which pre- 
sumably were attributable to those muscle fibres reinnervated by soleus 
motoneurones. 

It can be concluded that there are primarily two types of motoneurones 
and the differentiation of muscles to slow and fast types is secondary thereto, 
but there is as yet no information concerning the manner in which this 
differentiation is effected. 
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Regeneration of the anterior pituitary after extensive infarction 
due to pituitary stalk section. By P. M. Danie. and Marsoriz 
M. L. Pricnarp. Department of Neuropathology, Institute of Psychiatry, 
Maudsley Hospital, London, and the Nuffield Institute nies Medical Research, 
University of Oaford* 


The immediate result of pituitary stalk section in rats, sheep and goats is 
extensive infarction of the anterior pituitary (Daniel & Prichard, 1956, 1957, 


u 


Fig. 1 

- Fig. 1. Coronal section through the pituitary gland of a sheep, killed 5 days after pituitary stalk 
: section. The greater part of this section represents the anterior lobe. Most of it (pale) is 
necrotic, but surviving aiiterior lobe cells (dark) are seen forming a peripheral rim. The 
| _ small pale area seen in the mid line above is neural tissue. 

~ Fig. 2. Coronal section taken at the same level through the pituitary gland of a sheep killed 
124 weeks after pituitary stalk section. 
(pale) surrounded by regenerated anterior lobe tissue (dark). 


1958). A narrow zone of tissue adjacent to the capsule around the ee 
_ of the anterior lobe, however, regularly survives, because the nutrition of this 
gone is not interfered with by stalk section. 


© Assisted by a grant from the Nuffield Foundation. 
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In the experiments on goats (Daniel & Prichard, 1958) there was suggestive 
evidence that regeneration of anterior lobe cells, from the surviving areas, 
occurred after the first few days. 

More recently we have cut the pituitary stalk in a further group of sheep, 
again inserting an impenetrable barrier between the cut ends. Eleven sheep 
(including four from the previous series) were killed 1-5 days after the opera- 
tion, and their pituitaries all showed the characteristic picture of massive — 
infarction of the anterior lobe (Fig. 1). The small areas of anterior lobe cells 
which regularly survived had a constant distribution around the periphery 
of the lobe, as described previously (Daniel & Prichard, 1957). 

Three other sheep were allowed to survive for 124, 17 and 18 weeks after 
stalk section. At post-mortem it was found that the pituitary stalk had been 
completely severed and that the barrier was in excellent position. In two of 
these sheep the anterior lobe was slightly shrunken, but in all three animals 
by far the greater part of this lobe was made up of living anterior lobe cells 
and only a relatively small area of scar tissue was present. 

From these findings we conclude that with the passage of time the anterior 
lobe cells around the periphery of the lobe, which survive from the first, re- 
generate and grow into the area which had been infarcted. 3 

Two of these longer surviving sheep were approximately 6 weeks pregnant 
at the time of the operation, and the stalk section did not interfere with the 


course of the pregnancy. 
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Improvement in the design of an artificial vagina for the rabbit. 
By A. Watton. A.R.C. Unit of Reproductive Physiology and Biochemistry, 
Uniwersity of Cambridge 

The first artificial vagina (a.v.) was designed by Amantea (1914) for use with 
the dog. Various types suitable for use with bull, ram, horse and boar were 
later devised by members of the Institute for Animal Breeding, U.S.8.R. 

(Kusnetzowa, Milovanov, Newmann, Nagaew & Skatkin, 1932; Walton, 1933). 

Among these types was an artificial vagina used for the rabbit by Kardy- 

movich & Milovanov (1933). The apparatus was made of glass and was rather 

easily broken. It was held in the hand, and the a.v. and hand together covered 
by a soft-cured rabbit pelt. The method of use was described by Macirone 

& Walton (1938) who, however, replaced the glass part of the Russian model 

by a short length of rubber hose-pipe about 4 cm. in diameter. The inner 

sheath was originally made from bicycle tyre inner tubing but was soon 
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replaced by thin latex liners made specially for the purpose. The rabbit A.v. 
has been in constant use in this laboratory, but has become gradually improved 
in design as a result of the experience of many research workers. The model 
now in use is described here. 

The principal improvement is due to the introduction of polythene. The 
- av. is quickly turned on a lathe out of 2 in. diameter polythene rod (Fig. 1). 

Polythene is a good insulating material. The a.v. can be filled in the labora- 
tory with warm water and carried to the animal house without the loss of 
too much heat, especially if wrapped in the rabbit pelt during transit. If 
several collections have to be made, hot water may be taken to the animal 
house for replenishments, but a filling device such as described by Macirone 
& Walton (1938) is seldom found necessary. The most effective temperature 
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Fig. 1. Artificial vagina for rabbit. A, Polythene tube; B, latex liner; C’, glass specimen tube 
1} in. x } in. (3 x 1-3 0m) diameter; D, water and air space; H, rubber tubing and clip. 


for the a.v. is about 45° C as measured by a thermometer inserted into the 
A.V. This temperature is slightly higher than that of the rabbit body (39-40° C), 
~ but to excite effectively the thermo-sensory nerve endings of the penis, allow- 
ance must be made for the insulating property of the rubber lining and petro- 
_ leum jelly (vaseline) layer which separates the penis from the water inside 
the a.v.* 
When using the filling device of Macirone & Walton it is. possible to stan- 
dardize the pressure in the a.v. The advantage of doing this in practice, however, 
is not great and a rough but sufficient guide to the correct pressure may be 
obtained by inserting a finger into the a.v. If the pressure is approximately 
correct, the small finger, lubricated with vaseline, passes in easily, the index 
finger enters only against some resistance. 


ae The complete apparatus is obtainable from The Holborn Surgical Instrument Co., London. 
_ The latex liners can be obtained from Veedip Ltd., Slough, Bucks. - 


EY > 
Jf 
~ 
Ag 
2 
B 
A 
Cc 
j 
| 
| 4 
| 
- 
E 
¥ 
j i} 
| 
‘af 
“a 
a 
Ga 
“7 
* 
oil 
7 
j 


28 P PROCEEDINGS OF THE PHYSIOLOGICAL 


The correct height and angle at which the a.v. should be presented to the 

male can be learned by patient trial and frequent practice. : 

It should be noted that all males do not respond alike to the a.v. Successful 
completion of copulation is a consequence of the compounding of sex-drive 
with the excitatory value of the sexual object and varies with the individual 
(Walton, 1949). 
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in an amoeba. By E. N. Physiological Laboratory, 
University of Cambridge 


Some factors which alter the form of the amoeba, Naegleria gruberi 


(Film). By J ANET Pzarson. Physiological Laboratory, University of 
Cambridge 


Field research on big game (Film). By C. P. Luox. Depichieont of 
University College London 


A devicefor constant volume gas sampling from an impulse of 
variable duration. By Marcarer W. MoGrars and M. L. THomson. 
Department of Applied Physiology, London School of Hygiene and Tropical 
Medicine 

The device was developed for ‘end-tidal’ sampling from a breathing circuit, 
required for measurement of diffusing capacity of the lung by steady-state 
method. The device can be pre-set to sample at any phase of the respiratory 
cycle and for a wide range of volumes. Opening of the solenoid valve (Fig. 1) 
allows gas to flow from the one-way respiratory valve or airway to an anaes- 
thetic bag suspended in a glass jar in which a constant negative pressure is 
maintained by a diaphragm pump and mercury bubbler. The valve is trig- 
gered by electrical contacts mounted on the platform of a respiratory appar- 
atus (Thomson, 1958) actuated by a contact-maker on top of the bellows 
which, in this apparatus, takes the place of a spirometer bell. | 
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The electrical sequence is as follows: 


(1) Closure of the spirometer contacts (Fig. 1, C) energizes a delayed-contact 
relay (A) of Post Office type, and also the timer-relay (7), the exposure-timer 
of an aerial camera. 

(2) The contacts of A break the circuit of 7 (thus 7 will operate only once 
to any one closure of (). 

(3) Energizing T operates the solenoid valve (V) (oil-injection or aerial- 
compass type) and also opens the circuit of Post Office relay B. 

(4) This in turn opens circuit 7' rendering it refractory during its mechanical 
cycle. Thus the duration of opening of the valve depends only on the setting 
of the timer which can be pre-set between 0 and 3 sec. 


TS 


A 
Switch 


Fig. 1 Fig. 2 


Fig. 1. Circuit diagram. C, spirometer contacts; A, delayed-contact relay; B, delayed-trip relay; 
T', timer relay; V, solenoid valve. 


Fig. 2. Top of portable respiratory apparatus with contact-making assembly. B, spirometer 
bellows; C, contacts; M, contact-maker; S, adjustable stop. 


The contact-maker (Fig. 2, M) is mounted on a wire extending upwards from 
the top of the bellows (B). Its position is adjustable along the wire so that 
sampling may take place at any point in the respiratory cycle, but it is 
sufficiently firmly held by friction to operate the contacts. 

_. Withdrawal of gas samples, and the effect of respiratory quotients less than 
unity, will progressively reduce the volume of this closed system, causing the 
contact-maker to recede from the contacts. An adjustable stop (S) has there- 
fore been provided which pushes the contact-maker upwards as required at 
the end of inspiration so that it maintains the same position in relation to the 
contacts. Thus, having pre-set the contact-maker and stop at the required 
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phases of the cycle, sampling will take place at a fixed volume from the com- — 
mencement of each expiration: its relation to the commencement of inspira- — 
tion will, however, depend on the magnitude of tidal excursion. 


it 


Fig. 3. Sample programs and ave ation Top trace, spirograms, expiration down; 
lower trace, sampling valve, open downwards. 


In Fig. 3 are shown four settings of the device illustrating how volume and 
phase of the respiratory cycle may be independently varied. Solid circles 
on the spirogram coincide with the downstroke of the pen and indicate 
commencement of sampling. 

_ All parts have been obtained from Forces’ surplus supplies. 


REFERENCE 
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Nervous structures in the reticulo-rumen epithelium of the lamb. 
By K. J. Hut. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 


Previous findings (Hill, 1957) of nervous structures in the reticulo-rumen 
epithelium of the kid have been confirmed and extended in material from 
young lambs. Frozen sections were prepared from the reticulum and rumen 
after the animals had been perfused with buffered methylene-blue solution 
(Meyling, 1953). 

Single beaded fibres entered the basal layers of the epithelium and passed 
between the epithelial cells to terminate in oval bulbs in the outermost layers 
of the epithelium. Occasionally one or two fibres would enter the core of a 
papilla where they would branch and give rise to several fibres which entered 
the epithelium. More frequently several fine beaded fibres would enter the 
core of a papilla and form a cylindrical network of interlacing fibres. From 


this central core fine ne filaments — out into the stratified epithelium 
(Fig. 1). 
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Fig. 1. Transverse section of papilla in the reticulum. Central core of nerve fibres 
with filaments entering the stratified squamous epithelium. ( x 440.) 


The various structures which stained with methylene blue were only found 
. in the oesophageal groove, along the reticulo-rumen fold, in a small area of 
reticulum adjacent to this, in certain areas of the =_— rumen sac and along 
the right — groove of the rumen. 
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- Apparatus for recording drinking and feeding. By J. T. Firzstmons*. 
Z Physiological Laboratory, University of Cambridge 

The drinking meter (Fig. 1) is a glass tube of uniform bore containing water, 
open at the lower end from which the animal drinks, and connected at the 
upper end to a mereury manometer by means of air-filled rubber-pressure 
tubing. A float in the open limb of the manometer writes on a smoked drum. 
The pressure recorded by the manometer is proportional to the height of the 
column of water in the drinking tube and hence to its volume. With suitable 
dimensions volumes as small as 0-2 ml. can be recorded. The apparatus is — 
_ temperature and pressure sensitive but leakage of water due to diurnal s 
climatic variation indoors is negligible. 
* M.R.C. Scholar. 
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Infra-red 
source 
H 
To feeding 
trough 
column manometer 
Fig. 1. The drinking meter. The volume Fig. 2, Circuit diagram of apparatus for recording 
of water remaining in the column is panes en eee 


proportional to H, which ie in turn 


The time course of eating is recorded on the same smoked drum. An infra- 
red source and phototransistor (Mullard OCP 71) are arranged so that the 
beam is interrupted by the animal when it feeds (Fig. 2). The relay, A1, 
operates a simple writing lever, and also actuates a counter in a secondary 
circuit. 


An easily constructed laryngoscope for intubation of small 
animals. By J. B. Roperts. Department of Pharmacology and General 
Therapeutics, University of Liverpool 


In recovery experiments with rats and mice in which the chest ‘isis was 


opened it was necessary, during the operation, to inflate the lungs by a system 


of intermittent positive pressure. Intubation of the trachea with a polythene 
cannula was simplified by using the laryngoscope described below. The can- 
nula was so designed that when the proximal narrow part passed into the 
trachea the succeeding wider portion was pressed against the larynx and 
effectively sealed the trachea from the nasopharynx. The slight bulge in the 
cannula helped to retain it in position (Fig. 14). 
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| The laryngoscope consisting of a handle, blade, light and lens system 
| “Wi. 1b) was constructed from readily available material. The handle consists 
of a piece of }in. copper water pipe 2} in. (6-3 cm) long, on the side of which a 
4.A. brass nut was soldered, 4 in. from one end. A hole was drilled in the tube 
through the nut and tapped to carry an adjusting screw for the lens system. 
_ The blade was prepared from another piece of }in. pipe by making two 
parallel saw cuts $ in. apart along its length. The portion between the cuts 
was bent at right angles to the tube to form the blade. The excess of tube was 
removed leaving the blade attached to a collar of tubing } in. in length. The 


External 
diameter, in. 


(a) 


(6) 


BG 
source 
Polythene 
stopper 
Fig. 1 


side of the collar opposite to the blade was cut and opened until its diameter 
Was just sufficient to fit tightly over the handle. The blade was finally tapered 
With a file to the shape shown in Fig. 1c and the tip was reduced in thickness 
to about J, in. (0-8 mm) so that it did not occlude the view of the anterior 
(ventral) end of the vocal cords. 

The lens system consists of a prism, lens and mounting. The prism was 
made from } in, diameter glass rod and was prepared by rubbing one end of the 
tod on a silicone sharpening stone (Carborundum Brand, Fine, No. 149) to - 
the shape shown in section in Fig. 1b. The rod was then cut to a length of 
1} in. and all surfaces of the prism were finally polished by rubbing them on 
leather, using jewellers’ rouge as abrasive and water as lubricant. 
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The lens was made by melting the end of a glass rod until it was rounded, 
cutting the rod at about #in. from the tip of the rounded end and finally 
polishing the cut end as described above. 

The mounting for the prism and lens was constructed from 1§ in. length 
of copper tube of } in. internal diameter. A collar was made for it from 1 in. 
of the 4 in. copper tubing by removing a } in. wide segment of the circum- 
ference. This was closed down and soldered into position near to the prism 
end of the lens mount. The other end of the lens mount was opened slightly 
to allow the lens to enter to a depth of # in. 

The light mounting was made from a hollow polythene stopper with an 
internal diameter of # in. which fitted tightly over the base of the handle. 
A flash lamp bulb holder was fitted into the stopper as shown in Fig. 1b. 
A 2-5V pre-focus bulb was the light source. A transformer and rheostat were 
used to adjust the mains voltage so that a variable intensity of illumination 
could be obtained. 

Final assembly and adjustment of the lens system within its mounting was 
left until all the parts were completed. The prism and lens were rotated in the 
mounting to produce maximum illumination and were then fixed in position, 
with heat-resistant glue. The knurled screw can be used to vary the peaition 
of the light beam relative to the tip of the blade. 


An instantaneous frequency meter for nerve impulse recording. 


By J. G. Rosson. Physiological Laboratory, University of Cambridge 
Analysis of the response of a sensory receptor can be made in terms of the 
frequency of the nervous discharge set up by stimulation, If a single fibre 
preparation is considered then a suitable measure of the frequency is given by 
the reciprocal of the intervals between successive impulses. This quantity can 
be determined by measurement of a conventional nerve impulse record, 
but is more conveniently derived electronically at the time of the = 
ment (Andrew & Roberts, 1953, 1954). 

An instrument has been constructed which produces an omtpatt lisse 
proportional to the reciprocal of either the interval between the preceding 
pair of impulses or the time elapsed since the last impulse, whichever is the 
greater. This voltage can be recorded on a much slower time base than that 
required for a record which would allow the intervals between impulses to be 
measured with an equivalent degree of accuracy. The apparatus demonstrated 
has a frequency range of 3-300 impulses/sec and the error is less than one 


impulse/sec over the whole range. It employs sixteen valves and includes a 
mains power supply. 

REFERENCES 
Andrew, A. M. & Roberts, T. D. M. (1958). J. Physiol. 121, 31 P, 
Andrew, A. M. & Roberts, T. D. M. (1954). Hlectronic Engng, 26, 469, 543. 


ag 
Ar. 
& 
i 
om 
iq 
3 
ay 
Q 
ay 
La 
3 
a 
4 


SOCIETY, 11-12 JULY 1958 | 35P 


Dartial exteriorization of the reticulum in sheep. By D. A. Trrcnen. 
Physiological Laboratory, University of Cambridge 
The movements of the reticulum, in conscious ruminants, have been recorded 
through a rumen fistula in the majority of experiments. A more direct ap- 
proach has certain advantages over this indirect one; an operation designed 
to give such direct access to the reticulum has been undertaken in sheep. 

The operations were performed under anaesthesia induced with thiopentone 
sodium injected intravenously and maintained with ether administered 
through an endotracheal tube. Access to the left diaphragmatic surface of 
the reticulum was obtained by a transthoracic laparotomy which involved 
resection of the lower 5-7 cm of either the 8th or 9th rib. Part of this surface 
of the reticulum could then be brought into a subcutaneous position and 
retained there by sutures which included the reticulum muscle, the dia- 
phragm and intercostal muscles. A pneumothorax was avoided by bringing 
the adjacent pleural surfaces into apposition with sutures before the incision 
was made through the periosteum and diaphragm and their associated pleura. 
Recovery from this operation was sufficiently rapid for animals to stand and 
eat within 2 hr of its completion. | | 

After about 10-14 days the partly exteriorized portion of the reticulum 
was readily identified as a swelling between the ribs. This part of the reticulum 
showed the characteristic diphasic contractions which could be easily seen 
and have been filmed. In addition it has been possible in sheep which were not 
specially trained to film the activity of the reticulum during rumination. 
_ The contraction of the reticulum which, at the start of rumination, precedes 
_ the diphasic contraction can be clearly seen in such preparations and films. 

An animal in which the reticulum has been partially exteriorized in this 
Manner is shown together with a film of the movements of the reticulum; 
which has been used in teaching. 

Bost (1958) has recently described the use of a similar approach to the 

_Teticulum in the course of the preparation of fistulae in it. 


REFERENCE 
Bost, J. (1958). J. Physiol, Path. gén. 50, 170-174. 


Device for drawing lengths of fine capillary. By R, H. Coox and 
B.D. Keynes. Physiological Laboratory, University of Cambridge 


2 Variations in excitability and conductivity of long fibres in the 
| frog’s spinal cord. By Srexia Y. Boretuo and B. H. C. MartTHEws. 
Physiological Laboratory, University of Cambridge 
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An analyser for underwater animal sounds. By P. E. K. Donatpson. 


Physiological Laboratory, University of Cambridge 


A paraffin-section method for marking the site of recording with 
a capillary micro-electrode. By G. 8. Brinpiry. Physiological 


Laboratory, University of Cambridge 


Frequency analyses of tremor records from the pupil, ciliary 
muscle, finger and eyeball. By F. W. Campsett, J. G. Rosson and 
G. WestHEmmer. Physiological Laboratory, University of Cambridge 


Potassium depletion and mountain-sickness: observations during 
the British Expedition to the Colombian Andes, 1957. By 
H. W. Bunge and J.C. Warzertow. Tropical Metabolism Research Unit, 
University College of the West Indies, Mona, St Andrew, Jamaica, B.W.I. 


The relation between twitch tension and action potential in 

fatigued and in iodoacetate-poisoned frog sartorius muscle. 

By D. W. Grieve. Department of Physiology, University College London 
After a preliminary soaking for 1 hr in phosphate buffered Ringer’s solution, 
the muscle was stimulated by twice-maximal shocks to the pelvic end about 
32 times/min in an atmosphere of either oxygen or nitrogen. The diphasic 
action potential was recorded between external electrodes, 8-10 mm apart on 
the tibial end, and the isometric tension was recorded by means of a trans- 
ducer tube (RCA 5734). 

In oxygen, when the twitch tension declines, the action potential, measured 
peak-to-peak, declines in a roughly parallel fashion. If the stimulation is 
discontinued, twitch tension and action potential recover together. 

In nitrogen, the twitch tension disappears much sooner than in oxygen, 
and no recovery occurs when the stimulation is discontinued; but once again, 
action potential remains roughly proportional to twitch tension. In either 
gas, the muscle behaves in a similar way at 0°-3° C and at 17°-20° C. 

When the muscle is stimulated in oxygen after first soaking for 1 hr in 
0-4 mm mono-iodoacetate, a different relation between action potential and 
twitch tension is seen. At 0°-3° C the action potential diminishes only slowly 
and still retains 80-90 % of its initial size after the twitch tension has fallen to 
approximately 10%. This situation arises after about 250 twitches. At this 


> 
a 
4 
wi ‘ 
» 
3 
ag 
‘a 
are 
€ 
fe 
4 
og 
* 
> 
‘ 


SOCIETY, 11-12 JULY 1958 37P 


low temperature, no contracture appears. The muscle ceased to respond at 
all after approximately 600 stimuli. 

_ At 17°-20° C the action potential also remains of more or less constant 
size for a variable number of responses, from 50 to 400, although the twitch 
tension falls off gradually almost from the beginning of stimulation. When the 
action potential begins to diminish, this is closely attended by the first appear- 
ance of contracture. As the contracture develops, the twitch tension dimi- 
nishes quickly. The electrical response eventually outlasts the mechanical 
response. All responses cease after about 400 stimuli, _ 

It is hoped that further investigation may help to decide whether the action 
potential mechanism derives its energy from the same store as the contractile 
mechanism. The present experiments cannot yet be interpreted strictly in 

‘these terms because of the possibility that some of the effects may arise from 
_ potassium leakage into the interspaces; moreover, diphasic recording may be 
giving an imperfect impression of the way in which the electrical response is 


Glucose metabolism during periods of induced hypothermia. By 
| A. F. Bicxrorp and R. F. Morrram. M.R.C. Group for Research on 
Body Temperature Regulation, Depariment of the Regius — of 
Medicine, The Radcliffe Infirmary, Oxford 


_ Previous experiments (Wynn, 1954, 1956) have shown in man and the dog that 
the metabolism of glucose is abnormal during hypothermia. Further studies 
have been made using the intravenous glucose tolerance test, the measure-_ 
- ment of arteriovenous blood glucose differences, and the recording of the 

Tespiratory quotient. 

Blood glucose and urinary glucose were determined by the glucose oxidase 
 Inethod (Huggett & Nixon, 1957). Oxygen uptake and carbon dioxide pro- 
~ duction were determined using a modification of the Donald & Christie (1949) 
_ apparatus. Seventeen rabbits were anaesthetized with pentobarbitone sodium. 
~ Ineach, a catheter was inserted into a femoral artery for the collection of blood 
samples. In six rabbits a catheter was also passed from the femoral vein to the 
| audal end of the inferior vena cava. In twelve rabbits a tracheal cannula — 
Was inserted for the measurement of respiratory gas exchanges. In eleven 
_ tabbits the urine was collected from a bladder cannula, and in the remaining 
| 8ix both ureters were tied. 

_ After taking respiratory records and blood samples at normal body tem-— 
_ perature, each rabbit was cooled until ivs rectal temperature reached 25-30° C. 
600 mg glucose/kg body weight was then given intravenously. Arterial 
when possible, — venous blood were obtained at 


fy 
> 
Ane 
Mey 
a 
Ge bd 
ay 
varying. 
is 
4 
& 
| 
| 
P 
« 


38 P PROCEEDINGS OF THE PHYSICLOGICAL 


regular intervals for 3-5 hr. Respiratory records and urinary collections were 
made throughout the experiment. 


In five rabbits the blood glucose level remained high, similar to that ex- 


pected assuming the injected glucose to have remained in the extracellular 
space. In twelve rabbits the blood glucose, after the injection, fell towards the 
pre-injection level more slowly than in rabbits, similarly anaesthetized, but at 
normal body temperature. Of the six rabbits which had simultaneous arterial 
and venous sampling, four showed significant differences during hypothermia. 
All twelve rabbits tested had a low respiratory quotient during the hour or 
two after hypothermia was induced. In four it never rose above 0-75, and in 
five, levels of 0-80 or greater were later reached and maintained for at least 
1 hr. 


All the rabbits that could form urine had glycosuria after the injection of 


glucose. Urinary concentration was usually about 2 g/100 ml., but the total 
urinary glucose was about 25% of that injected. In one rabbit, however, the 
amount of glucose in the urine exceeded the amount injected, while the arterial 
blood sugar was still above the control level. This suggests that the release 
of glucose into the blood can still occur during hypothermia. 

In fifteen out of the seventeen hypothermic rabbits, at least one out of the 
three tests for glucose metabolism gave evidence that glucose was leaving the 
extracellular space, or being oxidized by the cells. | ; 
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Transmission of excitation through the ganglia of Mya (Lamel- 
libranchiata). By G. A. Horriper. Gatty Marine Laboratory, University 
of St Andrews | 

The lamellibranchs have anterior cerebral and posterior visceral ganglia 

separated by a pair of relatively long connectives; from each ganglion run 

paired mixed nerves. Mya arenaria is a conveniently large animal 10 cm 
long; the isolated ganglion survives in sea water without special precautions; 
the ganglia are superficial and the nerves require little dissection. 


An electrical or mechanical stimulus to the mantle edge initiates a local 


contraction; stronger stimulation is followed by a co-ordinated retraction of 
the whole animal. 

The following points refer to the anterior pallial nerves, the cerebral ganglia, 
the cerebro-visceral connectives, the visceral ganglia and the siphon nerves. 
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| The excitation which co-ordinates the symmetrical closure response is trans- 
mitted from any of the main nerves to any other as long as a continuous nerve 
trunk remains between. When a single shock is applied to any nerve a burst of 
impulses may be recorded from any other nerve. The post-ganglionic responses 
‘of nerves on the left and right sides are similar although a preganglionic 
stimulus is applied to one side only. A small proportion of the efferent neurones 
divide and have a branch in corresponding motor nerves on each side of the 
animal. Most of the post-ganglionic impulses form an irregular burst, the 
strength and duration of which depends on the number of simultaneously 
stimulated preganglionic fibres, as controlled by the strength of the stimulus. 
Temporal summation begins to appear at a frequency of about 2 per sec. The 
motor neurones are readily aroused to repeated firing and impulses may con- 
tinue for many seconds following a stimulus. This agrees with previous ob- 
servations that the muscle is maintained in a contracted state by a stream of 
impulses. Large motor impulses can be individually recognized in the an- 
terior pallial nerve; the siphon nerve contains only fine motor fibres. The lamel- 
libranch ganglion is a convenient preparation which may be of value for the 
study of a variety of factors on temporal and spatial summation. 


The effect of pressure on sweating. By Heen M. Fannzs. R.A.F. 
Institute of Aviation Medicine, Farnborough, Hants 


Kuno’s (1934) statement that ‘lying on one side caused a remarkable increase 
_ in sweating universally over the upper side of the body’ has been confirmed 
_ ina previous communication (Ferres, 1957). An attempt to determine whether 
_-& similar effect could be produced by pressure was made by exerting 5 kg-wt. 
_ traction on a sling around one side of the chest of a sitting subject. There was 
no significant increase in sweat production on the opposite side. 

This force of 5 kg wt. is only approximately #,th of the force acting on the 
_ subject as a result of lying on one side, so the apparent absence of the hemi- 
_ hydrotic effect was inconclusive. Any application of pressure to one side of the 
chest must normally be counterbalanced by pressure on the opposite side or 
by a change in posture, but if the subject lies in a gravitational field of 2g 
_ or 39 then twice or three times the pressure is exerted on the lower side, and 
_ the posture is unchanged. 

_ Experiments were made with the subject lying on his side in fields of 1: § 
and 3g, while sweat was collected on both sides from areas of 26 cm? over 
_ the lower ribs in the mid-axillary line. Four subjects were used, each on four 
~ occasions for 1g and 2g. Two subjects did two experiments each at 3g and 
_ the other two did one each, The dry-bulb temperature was 40° + 5° C. 
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The sweat production on the upper side increased with increase in g, while 
that on the lower side remained relatively constant. The ratios for upper side: 
_ lower side were for 1, 2, and 3g respectively 1-8, 3-0 and 4-3. This increase in 
the ratio with increasing g suggests that pressure is the factor which causes 
the increase in sweat production on the upper side. 
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Local activation and interfibrillar structures in striated muscle. By 
A. F. Huxiey and R. W. Straus. Physiological Laboratory, University 
of Cambridge. 

Earlier experiments (Huxley & Taylor, 1955; Huxley, 1956) on isolated muscle 

fibres from the frog showed that a single J band could be made to shorten by 

reducing the membrane potential over a small area of the muscle surface 

covering the contact of the Z line with the sarcolemma, This contraction did 

not spread across the fibre in an all-or-none manner but might extend for as 

much as 10 inwards without involving the adjacent sarcomeres which were 
only 1-2, away; further, the contraction always involved both halves of the 

I band equally. It was therefore necessary to suppose that the influence of 

the membrane potential change was conducted inwards along specialized 

structures at the level of the Z lines. Electron microscope investigations by 

Porter & Palade (1957) have shown well-defined structures (referred to by 

those authors as ‘triads’) in the spaces between the myofibrils at this position 

in amphibian muscle. An earlier electron microscope investigation (Robertson, 

1956) on lizard muscle had shown structures resembling the middle element of 

a triad but in a different position, namely near the boundary between A and J 

_ bands. To test whether the triads are involved in the inward spread of activa- 

tion, we have therefore repeated the local stimulation experiments on isolated 

fibres from leg muscles of the green lizard (Lacerta viridis). As in the earlier 
experiments on frog muscle, the local reduction in membrane potential was 
produced by placing the tip of a pipette (diameter 1-5-2.) in contact with 
the surface of the fibre in the field of view of an interference microscope, and 
applying a negative electrical pulse to the interior of the pipette; the fibres 
were stretched to a sarcomere length of about 34. We found that it was 
possible to cause either half of an J band to contract independently of the 
other by centring the depolarized area over the appropriate 4—I boundary; 
in such a contraction, the Z line was pulled over into contact with the A band 
on that side. Further, it was confirmed with the electron microscope that 
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. Thus, in both frog and lizard muscle, the region which contracts as a single 
Sait is centred on a triad, although the location of the triads is very different 


in these two animals. It is therefore probable that some component of the __ 


triad is involved in conducting an influence of membrane potential change — 
inwards to activate the contractile myofibrils. 
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_ Functional recovery after lesions in the lateral hypothalamus of 
rats. By J. Mayer and 8. D. Morrison.* Department of Nutrition, 
Harvard University School of Public Health, Boston, Mass. — 


Electrolytic lesions in the lateral area of the hypothalamus produce aphagia 
(Anand & Brobeck, 1951) and adipsia (Morrison & Mayer, 1957) in rats. Teitel- 
- baum & Stellar (1954) and Morrison & Mayer (1957) have recorded that spon- 
taneous recovery of eating and drinking (‘escape’) can occur after some days 
_ of aphagia and adipsia. ‘Escape’ can sometimes be induced by prolonging 
_ survival by tube feeding or tube watering. 

Bilateral lesions were made in the lateral hypothalamus of twelve adult — 
~ female rats. All became completely aphagic and adipsic as a result of the 
- lesions. Of these only three rats ‘escaped’, one 7 days after operation and 
after 4 days of tube feeding, and two spontaneously 2 and 4 days after the 
- Operation. In these the lesions were repeated in as nearly as possible the same 
_ loci, using the same stereotactic co-ordinates, current and time as in the first 
operation. 

: With the first animal the lesions were repeated 50 days after the first 
: operation. Again complete and persisting aphagia and adipsia occurred with 
death of the animal 11 days after the second operation. With the other two 
animals the lesions were repeated 12 days after the first operation. These rats 
_ showed complete aphagia and adipsia for 7 days and 1 day respectively; 
_ thereafter there was rapid recovery of water and food intake, with slow 
 -Tecovery of body weight. 

| If ‘escape’ is achieved by development of an ER control route or. 
_ eentre, the fact that all the animals showed adipsia and aphagia after the 
second lesions indicates that the alternative tissue involved cannot be very 
_ temote from the original location. There is, however, the possibility that in the 


_ * Eli Lilly Travelling Fellow 1956/57. Permanent address: Institute of Physiology, University 
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primary ‘escape’ functional control is taken over peripheral and relatively 
mildly damaged parts of the lateral area. The time between the first and second 
operations might determine the extent of cicatrization and shrinkage which 
would bring this peripheral tissue within the orbit of total saisicaauite by the 
second lesions. 
REFERENCES 
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Selective and stable anodal block in a whole nerve while monitoring 
the compound action potential. By I. A. Boyp. Institute of 
Physiology, University of Glasgow 

In a study of the behaviour of muscle spindles a method has been devised for 
activating separately the « and y motor outflows in the whole nerve to an 
isolated muscle, without alteration in nerve threshold over a period of hours. 
About 3 cm of nerve is drawn into a narrow hole in a piece of Perspex. Small 
segments of the nerve channel can be independently perfused through side 


_ Fig. 1. Records from whole nerve to soleus (cat). Upper trace: compound action potential. 

Lower trace: applied stimuli. Sucrose flow on: (A) large a.p., note two diphasic components; 
(B) impulses in fast group blocked by second pulse, slow component remains; (C) shorter 
second pulse blocks only the faster impulses in first group. (S, stimulus artifact.) 


connexions, each containing an electrode. In oxygenated Krebs’s solution 
(NaCl, 115mm; KCL, 460mm; KH,PO,, 1-15 mm; NaHCO,, 24-1 mm; 
CaCl, 2-46 mm; MgSO,, 1:15 mm; glucose, 8-85 mm) the nerve remains in good 
condition for many hours. By perfusing alternate segments with Krebs’s solu- 
tion and isotonic sucrose, sufficient insulation is obtained between electrodes 
for recording purposes. A compound action potential of 5-10 mV can be 
obtained. Monitoring of the action potential is essential for precise control of 
selective block. 

Pairs of square pulses are applied through the same two electrodes; the 

first pulse is large and short and activates all the nerve fibres; the second — 
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_ is smaller, and its length, amplitude and delay are adjusted so as to block the 
impulses in @ chosen group of fibres. Impulses will be blocked if they arrive 
at the second stimulating electrode while it is anodal (Kuffler & Vaughan 
Williams, 1953). To avoid anode break excitation from the trailing edge of the 
square pulses, the stimulating pulse is kept short, the blocking pulse small, and 


the current density at the anode is made lower than that at the cathode by 
perfusing the cathode with sucrose and the anode with Krebs’s solution. To 
reduce stimulus artifact, radio-frequency coupling is used between stimulators 
and stimulating electrodes, and between recording electrodes and exes 
also the nerve between the pairs of electrodes is earthed. 


REFERENCE 
Kuffler, 8. W. & Veughan Williams, M. (1988). J. Physiol. 124, 289-317. 


Random destruction of circulating red cells in the rat. By 
K. H. Beroner* and Ereen B. Harriss. Physics Department, Institute 
of Cancer Research, London, 8.W.3 


Inred cell life span studies with radioactive iron, is injected 
and labels a group of red cell precursors in the erythropoietic tissues whose 
2 fate may be followed by observations on the Fe content of the creuigung 
blood. 


The disappearance of Fe fom the circulating blood in the rat shows two 


3 phases, an initial phase of slowly falling *Fe content up to approximately 
40 days after injection, followed by a phase of more rapid fall. The second 
_. phase may be attributed to senescence of the labelled cells, but the processes 


_ responsible for the first phase are still in doubt. Brown & Eadie (1953) have 
_ shown that the relative importance of this ‘random destruction’ phase varies 


- widely from species to species. It could be due to intravascular destruction or 


; to extravasation of red cells, or it could be the result of a slow exchange of 
_ iron between the labelled cells and the plasma. It has been widely assumed 


—— 


‘ that no such exchange of red cell iron occurs, but the evidence for this assump- 
_ tion is based mainly on short-term studies in vitro (Hahn, Bale, Ross, Hettig 
__ & Whipple, 1940; Gibson, Weiss, Evans, Peacock, Irvine, Good & Kip, 1946) 


which might not reveal a low rate of exchange. 

In the present studies, rats were injected intravenously with 10yc “Fe 
as ferric chloride in citrate buffer. Daily injections of an iron-dextran com- 
plex (Imferon, Benger Laboratories Ltd.) were given intramuscularly to 


| teduce the further incorporation of Fe into red cell precursors once the 


directly labelled cells had emerged into the circulation. Weekly 0-02 ml. 
Pe of tail vein blood were taken for assay of Fe content. Blood smears 


* Present address: Postgraduate Medical School, London, — : 
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were also made weekly from tail vein blood; from these smears autoradio- 
graphs were prepared by the stripping film method, exposed for 1 month and 
processed. The percentage of labelled cells in each smear, and also the mean 
number of developed grains in the photographic emulsion overlying a — 
cell, were then determined. 

Results show that whereas the ™F'e content of the blood and the iting 
of surviving labelled cells fall in a similar manner, the *Fe content of the 
surviving cells measured in terms of their mean grain count is maintained 
even up to 60 days after injection, by which time 70% of the labelled cells 
have been eliminated. Exchange of iron between the mature rat red cell and 
its environment is thus negligible, and the initial fall in *Fe content of blood 
must represent a real loss of labelled cells from the ciroulation -_ vy! in- 
travascular destruction or extravasation. 
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Accommodation fluctuations during steady focusing. By F. W. 
J.G. Rosson and G. Physiological Laboratory, 
University of Cambridge 

Records obtained with a high-speed optometer (Campbell, 1956) show that 

the refractive power of the eye is constantly fluctuating when a young em- 


metrope focuses on a near object. Fig. 1B is a typical record showing the 
fluctuations. 


unit bandwidth 


Power/unit bandwidth 


Fig. 1. wid D) during steady 


focusing of high-contrast object at distan of 1m; , 
wis leukdea obj an optical ce of 1 m; left, with a large pupil; right 


To establish the frequency components of these records in a quantitative — 
manner, autocorrelation functions were derived. These were in turn subjected 


* On leave from the Ohio State University. 
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i, Fourier transformation to produce curves showing the spectral distribution 
_ of the power in the original records. It is apparent from Fig. 1A that under 
~ normal viewing conditions a band in the vicinity of 2 c/s is strongly represented, 
although most of the power is concentrated in lower frequencies. 


- Accommodation responses have a reaction time of the order of 0-3 sec and 


- the human eye has a depth of focus in the range of 0-2-0-7 dioptres (Campbell 
_ & Westheimer, 1958). The conjecture that the fast oscillations have their 
origin in these characteristics of the accommodation system may be tested 
by increasing the depth of focus. When this is done, by greatly reducing the 
" effective entrance pupil of the eye, records like Fig. 1D were obtained. The 
associated power spectrum is shown in Fig. 1 C and demonstrates quantitatively 
the increase in the low-frequency and decrease in the high-frequency com- 


ponents when the depth of focus is increased. These changes are not those 


expected in a simple hypothesis ascribing the fast oscillations to the presence 
_ of a dead space and finite time lag in the accommodation system. 
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: The minimum flux of energy detectable by the human eye. By — 


F. H. C. Marriorr, Vauerre B. Morris and M. H. Prrenne. University 
Laboratory of Physiology, Oxford 


e The substance P and adenosinetriphosphate (ATP) contents of 


sensory nerve on degeneration. By T. M. AnpREws and PAMELA 
Department of Physiology, St Hospital Medical School, 
London, W. 2 


_ Substance P and ATP have been suggested as possible transmitters responsible 
- for antidromic vasodilatation and for transmission at the central end of 
_ sensory nerve fibres (Lembeck, 1953; Holton & Holton, 1953). By analogy 
acetylcholine it might be expected that a transmitter substance of 
_ sensory nerves would disappear when the nerve fibres degenerate. 


The auricular nerves (containing sensory and sympathetic fibres) of rabbits 


were analysed for substance P and ATP. The absolute amounts of substance 
~ P and ATP extracted varied considerably between different animals and so 
_. the comparisons were made between the two sides of the same animal. In 
_ control experiments the nerves of one side contained the same amounts of — 
_ substance P and ATP as those of the other. When the sensory nerve fibres 
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degenerated the substance P content fell but the ATP content remained the 
same, compared with the other side. 

In a pilot experiment comparing normal with totally degenerated nerves, the 
latter contained only 40%, of the substance P found in the former. To eliminate 
the possibility that unilateral sympathetic degeneration contributed to this 
result, normal nerve was compared with the contralateral sympathectomized 
nerve and no difference in substance P concentration was detected. In further 
experiments, comparison was made between sympathectomized and divided 


nerves (in which both sensory and sympathetic fibres had degenerated). In — 


a total of six experiments the mean amount of substance P in divided nerves 
fell to 32-6 % +6-13% (standard error of mean) compared with the contra- 
lateral normal or sympathectomized nerves. 

These results provide additional evidence in favour of the hypothesis that 
substance P is a transmitter from sensory nerve endings. They do not, 
however, exclude the possibility that the liberation of ATP from nerve 
endings plays some part in transmission. 


REFERENCES 
Lembeck, F. (1958). Arch. exp. Path. Pharmak, 219, 197-213, 
- Holton, F. A. & Holton, P. (1953). J. Physiol. 119, 50 P. 


The electroencephalogram of conscious goats and its association 
with the ruminant state. By F. R. Bett. Department of Veterinary 
Physiology, Royal Veterinary College, London, N.W.1 

Ruminants never enter the state of deep sleep shown by many species of 

animals but undergo periods of rest and somnolence scattered somewhat 

irregularly over the 24 hours (Balch, 1955). During these bouts of somnolence 
the e.e.g. pattern changes to a pattern normally associated with deep sleep 
or anaesthesia. At this time goats show attitudinal changes but they do not 


exhibit the normal signs of sleeping. Goats are very easily aroused from this 


somnolent state especially by auditory stimuli, the e.e.g. taking on the asyn- 
chronous form. 

Rumination periods are also scattered throughout the day (Bell & Lawn, 
1957). During rumination the e.e.g. pattern shows high-amplitude waves with 
spindles similar to those recorded during somnolent periods. If a goat is 
alerted during rumination the e.e.g. pattern i is transformed to an alert pattern 
and rumination ceases. 

White & Samson (1956) showed that fatty acids can evoke electroence- 
phalographic and behavioural signs of sleep in rabbits. In goats the intra- 
venous infusion of butyric acid or valerie acid in concentrations equivalent 
to about 4 m-moles/kg causes the development of an e.e.g. similar to that of 
the drowsy animal and produces leis signs of drowsiness. 
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__. There appears to be a common factor linking the somnolent state and active 
rumination in goats, Since short-chain fatty acids are the end products of 
cellulose digestion in ruminants it is possible that the blood level of these 
substances provides the stimulus for the onset and cessation of rumination. 


Balch, C. C. (1955), Sleep in ruminants. Nature, Lond., 178, 940-041. 

Bell, F. R. & Lawn, A. M. (1957). The pattern of rumination de 
Brit. J. Anim, Behav. 5, 85-89. 

_ White, R. P. & Samson, F. E. (1956). Effects of fatty acid anions on the electroencephalogram of 
| bbitea. Amer. J. Ph 186, 271-274. 


_ Single C fibres from cutaneous receptors. By A. Icco. Department 
of Physiology, University of Edinburgh 
- Cutaneous receptors innervated by fibres with conduction velocities less than 
- 2m/sec have been examined by recording electrically from single units dis- 
- sected from the saphenous nerve of cats anaesthetized with chloralose. | 
_ The receptive field of individual units on the anteromedial surface of leg, 
_ ankle and foot was small, and if minimal stimuli were used a response was 
_ evoked from an area not greater than 2 mm?*, Stronger stimuli were effective 
over a larger area, say 6 mm?, but the frequency of response was always 
_ greatest to stimulation at the centre of the field. If two units in the same strand 
- game from adjacent areas of skin, they could be excited independently by 
_ suitably placed punctate stimuli. Simultaneous electrical stimulation of the 
- receptors, by electrodes placed on the skin, led to the recording of one impulse 
for each receptive field; an event which proves that each was supplied od a 
separate axon. 
-. Several types of unit have been found. 
(a) Mechanoreceptors. Excited by stroking the hair or skin, pressing on the 
| skin with a nylon thread, pin, etc., or by pulling hairs. The C units were less 
_ sensitive than comparable receptors innervated by myelinated fibres. Pressing 
on the skin with a nylon thread aroused a slowly adapting train of impulses, 
_ with a peak frequency rarely greater than 100/sec. After-discharge was not 
_ conspicuous with this form of stimulation. It was, on the other hand, very — 
- conspicuous, although at a rather low frequency, after stroking the skin. 
 (b) Heat receptors, These units were less sensitive to mechanical stimulation 
_ than the mechanoreceptors. When a heated metal plate was placed within a 
_ few millimetres of the skin a steady discharge of impulses was aroused. The 
_ @ mechanoreceptors were not excited by such a stimulus. When hot brass or 
- Copper rods at temperatures about 50° C and above were placed on the skin 
- for a few seconds the receptors were excited. There was an increase in the 
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rate of firing when higher temperatures were used. The peak frequencies were 
as high as 100/sec. Cooling the skin either failed to excite the receptors or 
provoked an irregular low-frequency discharge. The heat receptors responded 
consistently for several hours, and withstood rods at 90° C for several seconds, 
whereas the © mechanoreceptors were often irreversibly damaged by brief 
exposure to such stimuli. 

(c) Cold receptors. These were excited by metal rods at temperatures of — 10° 
to +5° C, and adapted slowly. They were not excited by high temperatures. 
Thus cutaneous receptors innervated by C fibres do not form a homogeneous 


group. 


Impedance change in relation to duct filling and emptying in 
sweat glands of the central foot pad of the cat. By D. P. C. 
Luoyp. The Rockefeller Institute, New York 


With impedance electrodes located at the surface of the central foot pad and 
subcutaneously near the ankle an impedance bridge is balanced, the sweat 
glands being at rest, with some 60 K (quite variable) and 0-5-0-6 uF in parallel 
in the compensating arm. The glands being maximally active during nerve 
stimulation these values are reduced to some 9 K and 0-15 pF respectively. 
Recovery after maximal activity is sufficiently slow for its course to be 
followed by frequent balancing of the bridge. Neglecting the earliest and 
final stages the course of recovery is linear with respect to the logarithm of 
time. Sweat reabsorption, as determined by emergence latency measurements 
(Lloyd, 1957), is linear with respect to time itself, except in the final stage. 
Thus impedance varies over a considerable range as the logarithm of 
reabsorption. | 

To measure rapid changes during activity one must rely upon oscillo- 
graphic recording of bridge imbalance rather than employing the oscilloscope 
as a null-point instrument. Utilizing this method observations have been 
made on the effect. upon sweat gland activity of variation in duration and 
_ frequency of secretomotor nerve stimulation. A fixed frequency (10/sec) 
impedance varies, over most of the range, inversely as the logarithm of stimulus 
duration, which suggests that sweat formation in the first approximation is 
a linear function of the number of nerve impulses, frequency being constant. 
However, the efficacy of a given number of impulses depends upon frequency, 
the degree of bridge imbalance increasing with frequency in much the same 
way as does summation of the negative component of the ‘galvanic response’ 
of the sweat glands described by Richter & Whelan (1943) and Patton (1948). 
This suggests that the rate of sweat formation during activity is related to the 
degree of fusion of the negative potentials in a tetanic series. 
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_ The uptake by the liver of sulphobromphthalein (BSP) which is 
ee bound to protein. By H. W. H. Anprews. Department of penne 
cology, St Mary’s Hosyntal Medical School, London W. 2 


The technique of Brauer & Pessotti (1949) was used for part. of this study. 
__. Liver slices were added to sulphobromphthalein (BSP) in Ringer-Locke solu- 
_ tion and the amount of dye present in solution after 10 min was estimated. 
The findings of Brauer & Pessotti were confirmed, and it was also found that 
not only did the addition of plasma to the Ringer-Locke-BSP solution increase 
_ the amount of BSP remaining in solution, but also that there were both an 
_ individual and a species variation in the BSP-binding properties of plasma. 
_ Thus rat plasma appeared to bind more strongly than did guinea-pig plasma, 
and human more than rat. The species differences were apparent at both 0° 
and 37° C and were maintained when slices of liver from various species were 
used. Cyanide and fluoride did not affect the results, provided pH was kept 
constant. Bile salts and sulphestrol decreased uptake: cetrimide increased it. 

In another series of experiments rat livers were perfused via the portal vein 
with Ringer-Locke solution at room temperature. When BSP and plasma 
were added to the Ringer-Locke reservoir it was found that the concentra- 
tion of BSP in the effluent from the hepatic veins was almost constant over 
_ wide range of flow, ic. 4-19 ml./min. If, instead of adding the BSP and 
_ plasma to the reservoir, they were introduced at a constant rate into the 
_ stream of Ringer-Locke solution near the portal cannula the concentration 
_ of BSP in the effluent varied with different rates of flow of the Ringer-Locke, 
but the actual amount of BSP taken up by the liver per unit time was in- 


_ dependent of the rate of flow between 4 and 18 ml./min. Another way of 


administering BSP and plasma was by rapid injection of small constant 
- amounts into the perfusing Ringer-Locke solution: constant amounts, in- 
dependent of flow, were removed. In all these experiments there was no free 
_ BSP present, and it was shown that, provided all the BSP was bound, varia- 
tions in the ratio of BSP to protein were without effect on BSP removal. Dif- 
ferences were obtained between the albumens of different species by perfusion. 
Administration of carbon tetrachloride to guinea-pigs did not affect the BSP- 
binding power of their plasma. 

- Only small amounts of BSP were infused, i.e. 60 »g/min. and there was no 
evidence of saturation of the storage mechanism after 1 hr. In these experi- 
- Inents secretion of bile did not occur, and it appears that the amount of BSP 
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taken from plasma and stored by the liver is proportional to the amount 
presented to it in the absence of saturation of the storage mechanism. 


REFERENCE 3 
Brauer, R. W. & Pessotti, R. L. (1949). J. Pharmacol. 97, 358-370. 


Lactate and pyruvate metabolism in the foetal sheep. By June N. 
Barker and H. G. Brirron. Department of ee St Mary’s 
Hospital Medical School, London, W.2 


To examine the effect of hypoxia on the foetal sheep the foetus was delivered 
by Caesarean section, under thiopentone anaesthesia, into a plethysmograph 
and an umbilical artery and vein catheterized. Samples were withdrawn 
simultaneously and analysed for blood gases, pH, lactate, pyruvate, glucose 


and fructose. Maternal arterial samples were also taken. Hypoxia was — 


induced either by compression of the umbilical arteries or by administering 
low concentrations of oxygen to the mother. 

The foetal blood lactate ranged from 17 to 224 mal 100 ml. and with one 
exception was consistently higher than the maternal (13-7~74 mg/100 ml.). 
The average umbilical V—A difference between 17 and 33 mg/100 ml. was 
+1:13+468.E.m, 0-32 mg/100 ml. (24 observations), from 33 to 84 mg/100 ml. 


was —1-0+0-58 mg/100 ml, (14 observations) and from 84 to 224 mg/100 ml. 


was —4-0+1-3.mg/100 ml. (22 observations), There was no evidence of any 
alteration in permeability due to hypoxia or flow restriction. 

The blood pyruvate levels of the foetus ranged between 0°15 and 3-97 mg/ 
100 ml. and were nearly always higher than the maternal blood pyruvate 
(0-31-1-93 mg/100 ml.). The umbilical V—A differences were almost always 
negative with an average value of —0:29+0-07 mg/100 ml. Hypoxia and 
flow restriction were without apparent effect. 

Maternal inhalation of 5 or 10% oxygen in nitrogen reduced foetal oxygen 
consumption with an accompanying rise in concentration of the foetal blood 
lactate, the maximum rate of rise being of the order of 7 mg/100 ml./min. 
During subsequent control periods the lactate concentration fell slowly. When 
oxygen consumption was limited by umbilical artery compression similar rises 
in lactate concentration were observed. The maternal blood lactate only rose 
during severe hypoxia. 

During hypoxia the maternal blood pyruvate rose but the foetal pyruvate 
showed no consistent trend. 

Ina number of experiments, tissues were removed, frozen in liquid nitrogen, 
and their lactic acid contents determined. The results obtained indicated that, 
very aia the concentration of lactic acid in the tissues was equal to 
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® in plasma, If this is assamed to hold during severe hypoxia, then it is 
demonstrable that glycolysis could account for a considerable part of the — 
i energy deficit in this condition. 


" The expenses of this work were covered by a grant from the Medical Research Council to Pro- 
A. St G. Huggett. 


_ Temperature regulation in the white rhinoceros. By D. B. AuuBrRoox, 
M. Harrsoorn, C. P. Luck and P. G. Wricut. Departments of 
Anatomy, and of Human and Veterinary Physiology, Makerere College, 
Kampala, Uganda 
_The white rhinoceros, Ceratothertwm simum, is the second largest land mam- 
~ mal; the adult probably weighs about 3000 kg. Its natural habitat includes 
intensely hot parts of Africa and the manner of its temperature regulation is 
_ of some interest. A male and a female of this species (C.s. cottoni), taken from 
_ the Uganda—Sudan border, were investigated. They were allowed to wander 
freely during the day, grazing on short grass with no appreciable cover from 
_ thesun. Although they had free access to marsh ground, many hot days would 
_ lapse without their frequenting it. At night they were herded in a paddock 
_ without cover or windbreak, and would sleep fully exposed to cold winds. 
Rectal and skin temperatures were taken with thermistors. The rectal 
_ temperature was taken at a depth of not less than 22 cm, skin temperature 
- was recorded from a thermistor strapped to the skin. The thermistor element 
- was attached to a thin copper plate 25 mm in diameter, to give a secure area 
contact. 
_ The pulse rate was counted at the caudal artery. 
_ Meteorological observations included cloud:sky ratio, air velocity, iélative 
a humidity, mean temperature of the surroundings in sun and shade and the 
temperature. 
The animals’ rectal temperatures at sunrise were about 34-5°C, rising 
- throughout the day if the animal grazed in the sun to 37:5°C by sunset 
_ with the air temperature around 25° C and a relative humidity of 75%. 
» When kept in the shade all day the rectal temperatures remained at 
 85-2°C. On returning from a wallow the rectal temperature was 35-4° C. 
: The night ambient temperature during the investigation fell to 5° C for five or 
6 hr, but 33-6° was the lowest rectal temperature recorded. 
_ The skin is well adapted for temperature regulation, having an epidermis 
- about 1 mm thick, with a well-developed subjacent vascular bed. The dermis, 


shout 20m or more thick, is dense, collagenous and relatively avascular, 


_ pierced at intervals by vessels to the epidermis. Beneath the epidermis lie 
__ large and numerous sweat glands with well-developed myo-epithelial cells. 
| Under the thermal conditions prevailing no signs of sweating were observed 
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with the quinizarin-sodium carbonate-starch method. After prolonged 
exertion sweat is however said to appear. 

The pulse rate at rest varies from 30 to 40 pulses/min, the higher figures 
being found in the afternoon. 

A comparison of these studies with those of Benedict (1936) on the sleohant | 
show that the rhinoceros has a greater diurnal temperature variation, the — 
elephant varying little from a mean rectal temperature of 35-9° C by day or 
night; Benedict does not mention the environmental temperature but remarks 
that his elephant tolerated cold. — 


We wish to thank Mr Carr Hartley and his intrepid herdsman for making this study possible, 
and Gus and Mitzi for their patient co-operation. 


| | REFERENCE | | 
Benedict, F. G. (1936). The Physiology of the Elephant, Washington: Carnegie Institution. 


The discharge mechanism of the electric cat-fish. By M. V. L. 
Bennett, H. Grunprest and R. D. Keynes. Department of Neurology, 
College of Physicians and Surgeons, Columbia University, New York 


As recalled in recent reviews (Grundfest, 1957; Keynes, 1957), the discharge 
of Malapterurus electricus differs in polarity from that of all other electric 
fishes, Contrary to Pacini’s rule, the innervated (caudal) faces of the electro- 
plates become positive instead of negative. Fritsch (1887) believed the cells 


Fig. 1. Discharge of a small piece of electric organ, stimulated via the attached narve (). 
Upper trace: potential at <A, relative to distant reference electrode (C). Lower trace: 
electrode B, differential with respect to A. Note resting potential in middle record. The 
about 23° C, Calibration pulse 50 mV and 1 msec. : 
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r, to be derived from skin glands. Each electroplate is a flat disk, about 700u 
_ in diameter and 40 thick (in a 5 in.—12 cm-specimen). From the centre of its — 
_ caudal face arises a long thin stalk, at the extreme tip of which synaptic 
~ eontact is made with a branch of the single myelinated nerve fibre that serves 
half of the électric organ. 

__. Fig. 1 shows typical spikes recorded inside and across a single electroplate. 
_ These were elicited by nerve stimulation, but despite earlier claims to the con- 
- trary (Gotch & Burch, 1899), innervated or denervated electroplates can also 
_ be excited directly. The electroplates appear to discharge as follows: a nerve 
impulse initiates a spike in the stalk which then propagates to the cell proper. 
_ Here, local circuit currents trigger both faces, but the rostral somewhat 
_ earlier. The internally recorded spike, rising from a resting potential of about 
50 mV, inside negative, reverses the membrane polarization. The response of 
the rostral face lasts over 1 msec, but that of the caudal about 0-3 msec, con- 
- tnbuting only to the early peak. The caudal activity is also the smaller; 
_ therefore the potential recorded across the whole cell registers positivity at 
_ the caudal face. However, during the brief activity of this face, the potential 
_ difference is reduced. 

_ Thus, the occurrence of different spikes in the two faces accounts for the 
_ polarity of discharge of the Malapterurus electric organ. The finding that its 
c electroplates possess electrically excitable membranes is consistent: with the 
view (Johnels, that the is derived from muscle, not from 
tissue. 
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_ ‘Neurogenic’ pulmonary oedema in guinea-pigs. By H. L. Borison 
y and B. A. Kovacs. National Institute for Medical Research, Mill Hill, 
London, N.W.1 

It is well known that bilateral vagotomy is always lethal in guinea-pigs owing 
to the development of pulmonary oedema. We found that death occurred in 
about 50% of the animals between the fourth and sixth hours after bilateral 
x vagotomy; most of the others died earlier and a few later. The oedema 
_ apparently developed only shortly before death. This was evident when the 
weight of the lungs was expressed as percentage of body weight. In normal 
_ animals this percentage is between 0-6 and 0-8. A percentage of 1-2 or more 
Was therefore taken as evidence for oedema development. In those animals 
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which had died from the oedema the percentage was sometimes as high as | 


2-8, in those animals which were killed during the first 4 hr after vagotomy the 
percentage was usually normal and seldom over 1:2, whereas it was over 1-2 in 
almost all animals which had not died within six hours and which were then 
killed. 


_ The brain rostral to the posterior colliculi and the spinal cord are unessential 


for the oedema development, since it developed in vagotomized guinea-pigs 
after midcollicular decerebration, or after low cervical spinal cord transection. 
Moreover, after low cervical cord section oedema resulted in animals which were 
not vagotomized. These animals had to be maintained on continuous artificial 
ventilation but artificial ventilation per se did not cause pulmonary oedema. 
Lesions were made in the medulla oblongata either by suction removal of 
the ala cinerea or by undercutting of the vagal nuclei. Small differences in 
lesion size determined whether oedema occurred quickly (within 6 hr) or 
slowly (within 6 days) or not at all. In those animals in which no oedema 
developed it occurred on subsequent vagotomy. ee 


Two types of efferent fibres to the muscle spindles of the rabbit. 
By J. E. Pascor. Physiology Department, University College London 


Eldred, Granit & Merton (1953) have suggested that reflex contraction of a 
muscle is initiated by activity of its spindle efferents, the main muscle following 
the spindle muscle contraction as in a follow-up servo mechanism. Hunt's 
(1951) finding that light tension on the muscle inhibits the spindle efferents is 
completely contrary to what one would expect from this concept. The effect 
of stretching a muscle on its spindle efferent activity has therefore been re- 
investigated using the ankle extensors of the decerebrated rabbit. 

The limb was denervated except for the ankle extensors and clamped in 


_ three places, Unitary activity was recorded from the central ends of filaments 


from the nerve to gastrocnemius lateralis and soleus. It was found that activity 
in some fibres was inhibited by light stretch of the muscle, as reported by 
Hunt. The usual pattern of firing of these fibres was irregular and could be 
increased by light touch on the fur of the animal. There was, however, another 
type of efferent whose firing was completely unaffected by passive tension 
changes in the muscle, This type had a regular frequency of firing varying 
between fibres from 15 to 93/sec. The frequency could be influenced only by 


_ stimuli which caused violent reflex movements, and it remained steady for long 


periods. The behaviour of these fibres was different from the main muscle 
efferents where frequency of firing varied with muscle tension, It is concluded 
that these are spindle efferents. This was confirmed by the finding that they 
were unaffected by antidromic stimulation of alpha motoneurones lying in the 
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same segment of the cord (Granit, Pascoe & Steg, 1957). The antidromic 
excitation was obtained by stimulation of the sciatic nerve at a strength 
sufficient to cause a submaximal twitch of the ankle extensors, and it evoked 
the characteristic silent period in the discharges of the main muscle efferents. 

It is concluded that there are two types of spindle efferent behaviour and 
from the histological evidence of Boyd (1958) it seems sitied that there are ‘two 


spindle efferent systems. 
REFERENCES 
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_Chemoreceptor impulse activity from the subclavian body of the 
cat. By R. Branconi and J. H. Green. on of Physiology, 
Middlesex Hospital Medical School, London W. 1 


_ Although histological evidence exists for the presence of glomus tissue in the. 
vicinity of the junction of the right subclavian and right common carotid 
arteries of the cat (Muratori, 1935; Nonidez, 1935; Howe, 1956), no clear 
proof of the function of this subclavian body has yet been presented. Hlectro- 
_ neurographic studies have therefore been made to determine whether this 
body has a chemoreceptor function. 
eats under pentobarbitone anaesthesia, few- multi-fibre preparations 
of the right aortic nerve were made at the level of the superior laryngeal nerve, 
and those showing chemoreceptor activity selected. 
___ The criteria used were: (i) that the impulse activity should be increased by 
_ anoxia, asphyxia and severe haemorrhage or by the local or systemic admini- 
' stration of lobeline, nicotine or sodium cyanide; (ii) that the impulse traffic 
_ should disappear or should be greatly reduced by over-ventilation of the 
- animal with pure oxygen. 
_ Most of the preparations contained one or more Lvcabiiieiie fibres; occa 
sionally pure chemoreceptor preparations were obtained. The nerve rath 
- baroreceptor area 1 (Green, 1953; Heymans & Neil, 1958) was identified in 
_ the angle between the subclavian and common carotid arteries and was cut 
_ below its point of entry into the right aortic nerve. This procedure greatly 
 teduced the chemoreceptor activity recorded from either the aortic nerve 
_ itself or from few fibre preparations made from it. Hence it would seem that 
some of the chemoreceptor fibres of the aortic nerve gain their origin from an 
_ atea adjacent to baroreceptor area 1; it would appear likely that the sub- 
_ Glavian body is the point of origin of these fibres which course in the nerve 
_ from area 1 to join the aortic nerve itself. 
_ Electroneurographic records of few- and multi-fibre preparations of the 
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nerve to area 1 revealed, in addition to the well-known baroreceptor impulse 
activity, typical chemoreceptor impulse activity affected by asphyxia, anoxia 
and hyperventilation using pure oxygen. Fine nerve filaments were traced 
not only to the wall of the common carotid and subclavian arteries but also 
to tissue formations which resembled small carotid bodies in their gross 
features. Histological sections subsequently confirmed these structures to be 
small aggregates of glomus tissue identical in appearance to the carotid body 
but smaller in size. 
It is concluded that the subclavian body is chemoreceptor in function. 
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Cortical responses to hyperacidity and distension of the stomach. 
By P. P. Newman. Department of Physiology, School of Medicine, 
University of Leeds | 


In cats under sodium pentobarbital anaesthesia (40-50 mg/kg) the aiaich 
was stimulated by the application of HCl to the mucous membrane or by 
disteasion with a balloon. Electrocorticograms of the exposed parietal cortex 
revealed localized responses during and following the period of stimulation. 

In one series of experiments (8 cats) samples of gastric juice were aspirated, 
adjusted to any desired pH and returned to the stomach. Unless a high 
acidity was reached no potential changes were observed. At pH 1-3 oscillating 
potential changes were recorded from a region just anterior to the bifurcation 
of the marginal sulcus on both sides, continuing until the acid was washed out 
from the stomach. They were unaffected by section of the spinal cord at C1. 
Section of one vagus nerve in the neck reduced the over-all size of the response 
but did not abolish it. Section of both vagi abolished the cortical response. 

In a second series of experiments (11 cats) the stomach was distended by 
inflation with a balloon. Bilateral responses were recorded from the same 

part of the parietal cortex, but more discretely limited to the sulcus region. 
The responses increased with increasing distension of the stomach. No re- 
sponses were recorded in the spinal animal with the vagi intact. 

These results suggest that impulses initiated by hyperacidity or by dis- 
tension of the stomach reach the same area of cerebral cortex by different 
routes—the former by afferent pathways in the mene nerve and the eter 
by afferents in the sympathetic. 
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| Piecias of estimating the acceleration of the ejected blood from the 


pulse and from the ballistocardiogram. By I.Srarr. Department 
of Therapeutic Research, University of Pennsylvania, Philadelphia 


. ‘Diminished ability to accelerate is an early and conspicuous manifestation of 
weakness of the. motor of an automobile. Similarly, one has the right to 
_ expect that the onset of cardiac weakness would manifest itself in an inability 


to accelerate the blood normally. So simple means of measuring the accelera- 


tion of the ejected blood, applicable to living subjects, have been sought by 
~ mathematical analysis of results secured by simulating systole at necropsy. 
- When the mean blood pressure, or the pulse wave velocity, is taken into 
_ account there is strong correlation between the maximum flow velocity of the 
_ ejected blood (the integral of the positive accelerations which preceded it), 
_ and the maximum slope of the advancing pulse wave front, recorded by punc- 


turing the femoral artery. In fifty-six simulated systoles in six cadavers 


_ perfused with blood, r=0-91. The pulse pressure correlates best with the work 
_ performed on the aortic blood; the pulse area with stroke volume. Thus 
_ each of three aspects of the pulse wave, related to one another through the 
- ¢alculus, correlates best with one of three aspects of cardiac function similarly 
_ related to one another through the calculus, 


Other methods of estimating acceleration of the ejected blood are equally 


_ promising. Some years ago (Starr & Schnabel, 1954) it was found that the 


maximum velocity of ejected blood correlated well with the square root of 


the amplitude of ballistocardiograms, taken on a high-frequency table 
- recording displacement, and that this relationship was improved when the 
_ size of each subject was taken into account; then r=0-92. I now find that a 
_ feature of the ballistocardiogram not previously studied quantitatively, the 
__ slope of the initial footward deflexion (the H-I segment), correlates very strongly 
with the initial acceleration of the ejected blood, that attained in the first 


0:08 sec of ejection. After correcting for differences in body size, in fifty-four 


_ simulated systoles in five cadavers perfused with blood, r=0-88. In twenty-two 
_ simulated systoles in two cadavers perfused with water the relation is equally 
_ good. These close quantitative relations between aspects of the pulse and the 
_ ballistocardiogram, and acceleration of the ejected blood, hold despite large 
_ differences in blood pressure, pulse wave velocity, diameter of the great vessels, 
_ viscosity of the injected fluid and the amount of arteriosclerosis present. 


- T have been unable to secure pulse records with a satisfactory calibration in 


. terms of pressure within the vessel without puncturing an artery. In contrast 
__ the ballistocardiographic procedure requires nothing of the subject except that . 
| x 4 lie quietly on the table. 


REFERENCE 
Starr, I. & Schnabel, T. G., Jr. (1954). J. clin. Invest. 33, 10-22. 
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The effects of calcium and anticoagulants on prothrombin time. 
By 8. H. Mizton.* Department of Physiology, Unwersity of Leeds 

The vasoconstrictor activity of plasma, attributed to release of 5-hydroxy- 

tryptamine (5-HT) from platelets, was found to vary with the Ca*+-binding 

power of anticoagulants (Holgate, 1953). Therefore the effects of Ca*+ and 

anticoagulants on the one-stage prothrombin time (Quick, 1935) have been 

investigated. | 


Time (sec) 


0005 001 0-05 
Fig. 1. Variation of prothrombin time (in sec, ordinate), with alteration in molarity of CaCl, 
added (abscissa), at different potassium oxalate concentrations: (a) 0-03m, (b) 0-024m, 
(c) 0-018m, (d) 0-0l4m. 


Fig. 1 shows the prothrombin time of plasma containing varying concentra- 
tions of potassium oxalate on adding different concentrations of CaCl,. In all 
cases there is a minimum time between CaCl, concentrations of 0-01m and 
0-025m. Above this concentration the prothrombin time increases and be- 
comes unaffected by the concentration of oxalate. 

The anticoagulant power of versenate, citrate and oxalate was related to the 
Ca*+-combining power at low Ca*+ concentrations; however, citrate appeared 
to be a weaker anticoagulant than oxalate at higher Ca*+ concentrations 

(Fig. 2). | 
* Present address: Department of Pharmacology, University of Oxford. 
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Time (sec) 


jooor 0005 001 00s 


| [CaCl] 
Fig. 2. Variation of prothrombin time (in sec, ordinate), with alteration in molarity of CaCl, added 
(abscissa), using different anticoagulants: (2) 0-019m sodium ethylene diamine tetra-acetate 
(Versene), (6) 0-019 sodium citrate, (c) 0-019m potassium oxalate. 
These observations are consistent with the findings and views of others 
(Lovelock & Porterfield, 1952; Quick & Stefanini 1948). | 
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The effects of membrane potential and external potassium con- 
centration on the potassium permeability of muscle fibres. 
| By R. H. Aprran. Physiological Laboratory, University of Cambridge 
In solutions of high external potassium chloride concentration, K and Cl 
enter the muscle fibres freely until, at equilibrium, the internal and external 
potassium-chloride products are equal (Boyle & Conway, 1941). If muscles, 
loaded in this way with potassium and chloride, are put into a solution in 
which the extra potassium is replaced by sodium (to prevent rapid shifts of 
| | 
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water) the membrane repolarizes very slowly. In this state the membrane 
behaves like a chloride electrode, and it has been suggested that these effects 
occur because the outward movement of potassium from muscle is restricted 
(Katz, 1949; Hodgkin & Horowicz, 1957). 

Direct evidence for this suggestion has been obtained by studying the 
fluxes and net movements of potassium and chloride in sartorius muscles which 
have been equilibrated in Ringer plus 100 m-moles/l, KCl (NaCl 115 mm, 
KCl 100 mm, CaCl, 1-8 mm, NaH,PO, 2-15 mm, Na,HPO, 0-85 mm). After 
4hr in this solution the internal potassium concentration is 242 +3-5 m- 
equiv/kg fibre water and the internal chloride concentration is 97 + 1-2 m- 
equiv/kg fibre water (normal value [K], 140, and [Cl], 3-6 m-equiv/kg f.w.). 


The rate constant for the loss of #*K is 0-66 hr-, and for the loss of C1 it is | 


about 5 hr-!. The inside potential is —20 mV. 

(1) If these muscles are transferred to a solution with only 2°5 m-equiv/l. 
K (Na, Li, or choline replacing the extra potassium) the rate constant for the 
loss of “*K drops reversibly from 0-66 to 0-054 hr-!, whereas that for loss of 
36(] is little changed. Experiments with Dr R. Straub have shown that the 
efflux of “K from bundles of eight to two muscle fibres is altered in the same 
way; effects of extracellular diffusion (Harris & Burn, 1949; Keynes 1954) 
are not sufficient explanation. : 


(2) If the chloride of the high KCl solution is replaced by sulphate, the | 


internal potential of the equilibrated muscles changes from —20 to +50 mV. 
In the absence of a change in potassium permeability this should lead to a 
large outward movement of potassium and the efflux should increase. In fact, 
under these conditions, the rate constant for the loss of “K is halved. 

(3) Chemical analysis shows that when the external potassium is reduced 
from 100 to 2-5 mm, KCl slowly leaves the fibres but only at one-quarter the 
rate at which it enters when the muscle is first put into the high KCl solution. 
_ The conclusion is that the membrane of the muscle fibre, under the con- 
ditions of these experiments, appears to reduce its permeability selectively 
to potassium when the electrochemical potential of potassium is greater inside 
than outside. This reduction cannot alter the final equilibrium, but will slow 
the rate at which it is approached, and accounts for the very slow repolarization 
of muscles which have been immersed in high KCI solutions, 
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Barly cortical projection of Group I afferents in the forelimb 
muscle nerves of cat. By V. E, Amasstan and L. Bertin. Department 
of Physiology, Albert Einstein College of Medicine, New York, U.S.A. 


It was concluded from previous studies, based largely on hind limb of cat, that 
either Group ITI (Mountcastle, Covian & Harrison, 1952), or Groups II and III 
muscle afferents (McIntyre, 1953; Gardner & Haddad, 1953) project to cerebral 
cortex. In our experiments, cats were deeply anaesthetized with sodium pento- 
barbital. Localized surface-positive responses of 6-8 msec latency and 30- 
300 »V amplitude were evoked in contralateral somatic receiving area I by 
stimulation of nerves to various forelimb muscles (flexor carpi radialis, long 
flexors of digits, an extensor and the biceps). Cortical responses occurred when 
the Group I afferent deflexion in the appropriate cervical posterior root was 
less than 20% of maximum. Such afferent volleys were probably not con- 
taminated by slower impulses, because collision could not be detected between 
antidromic impulses evoked in slow muscle afferents by a posterior root stimu- 
lus and a threshold orthodromic volley. After correcting for peripheral 
utilization time and for curvature of the conduction pathway, the maximum 
‘conduction velocity of flexor muscle afferents is estimated at 95-110 m/sec. 
The early cortical response to stimulation of intact flexor carpi radialis nerve 
had a threshold below, or equal to, that of the motor fibres. Thus, the largest 
fibres which project to cortex are among the largest fibres in the nerve and are 
“tepresented among the 19-20 ,» fibres present in teased nerves. The cortical 
response to stimulation of an intact flexor muscle nerve was reduced during a 
steady pull applied to the corresponding muscle (isolated from its origin, 
insertion and overlying fascia). Thus, the Group I afferent projection to cortex 
__ is related to a projection from slowly adapting receptors within muscle or 
tendon. | 
REFERENCES 
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_ The colour of monochromatic light when passed through the 
retina from behind. By G. 8. Brinpiey and W. A. H. Ruston. 
Physiological Laboratory, University of Cambridge 


: Movements of Na‘ and K* in single muscle fibres. By A. L. Hopoxin 
Hozowics. Phyiologioal Laboratory, University of Cambridge 
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Formation of histamine by brain tissue of the cat in vitro, By 


T. Ware. Institute of Physiology, University of Lund, Lund, Sweden 


It is known that brain tissue from various species, including the cat, contains 
histamine (Kwiatkowski, 1943; Harris, Jacobsohn & Kahlson, 1952). There 
is, however, little information about the capacity of the brain to form hista- 


mine. In the present experiments ‘C-histidine was incubated with feline — 


brain tissue and the #4C-histamine formed determined. 

The animals were killed by a blow on the neck. The tissue was cut with 
scissors, suspended in 0-l-n sodium phosphate buffer of pH 7-4 containing 
glucose. After adding 40 yg 'C-histidine the mixture was incubated for 3 hr 
at 37°C under N,. Non-isotopic histamine dihydrochloride as carrier and 
non-isotopic histidine monohydrochloride as diluent were added. After 
mixing trichloroacetic acid was added. The sample was filtered and the trichloro- 
acetic acid removed. The histamine was extracted and converted to hista- 
mine dipicrate and pipsyl histamine. Radioactivity was comitod as described 
Lindell & Schayer (1958). 


Tasie 1, Histamine formation per gram brain tissue in 3 hr 


Hemispheres Medulla Cerebellum 
Counta/min ng Counts/min ng ng ” Counts/min ng 
9 14 3 5 2 124 190 
2 7 10 ‘s 5 1 2 92 142 
3 7 10 2 3 1 2 87 134 


The results are shown in Table 1. The activity is expressed as counts/min 
and nanograms (ng) of radioactive histamine base. The hypothalamus is 
much more potent than the other regions in forming histamine. 
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Metabolism of injected “C-histamine in pregnant women. by 
S.-E. Karen Ninsson, R. W. Scuayver and H. 
Institute of Physiology, University of Lund, Lund, Sweden 


The histaminolytic activity that can be demonstrated in vitro in blood from 


pregnant women is considered to be due to an increased histaminase (diamine 


oxidase) activity i in plasma (Tabor, 1954), The histaminase activity in plasma 


from women in the 4th-9th month of pregnancy is usually 100-1000 times 
greater than i in plasma from non-pregnant women. Such an increase in the 
histamine inactivating capacity of the plasma might be expected to decrease 
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Fabe sensitivity of pregnant women to injected histamine. It has, however, 
not been possible to demonstrate such a decreased sensitivity (for a review, 
see Kahlson, 1955). In view of this it was decided to study the urinary pattern 
of metabolic products of injected “C-histamine in pregnant and non-pregnant 
women. The studies comprised four women in the 5th-6th month of pregnancy 
(pregnancy to be subjected to abortion on and three 

non-pregnant women of about the same age. 

14(-histamine (0-10-0-15 yg base/kg body wt.) was injected subcutaneously. 
Urine was collected for 12 hr and analysed with isotope dilution technique 
(Schayer & Cooper, 1956). Assays were made for C-histamine, “C-imida- 
zole acetic acid (free form as well as in the form of the riboside), end products 
of the action of histaminase on histamine, “C-methylhistamine (1-methyl-4- 
(B-aminoethyl)-imidazole), “C-methylimidazole acetic acid (1-methylimida- 
zole-4-acetic acid), both products of the action of the histamine methylating 
enzyme. In some experiments assays were also made for *C-acetylhistamine. 

In both groups about 80%, of the injected “C appeared in the urine within 
12 hr. 

In pregnant women histamine constituted 1-3% (2-3%) of the total #C 
excreted in 12 hr. The figures within brackets show the percentage found in 
the non-pregnant women: The corresponding percentages for total imidazole 
acetic acid were 25-63 (25-37), for methylhistamine 1-3 (2-6), for methy!- 
imidazole acetic acid 23-38 (30-53) and for acetylhistamine 2 (1). 

Studied in this way the metabolism of injected histamine varied from one 
individual to the other. There was, however, little evidence that histaminase 
took a substantially greater part in the metabolism of histamine in the preg- 
_ hant women than in the non-pregnant women. 
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The development of parotid secretion in young goats. By 
R. N. B, Kay. Rowett Research Institute, Bucksburn, Aberdeenshire 


- The parotid glands of adult ruminants supply a large part of the water and 
_ alkali required to preserve the fluid nature and pH of the digesta in the rumen. 
~ Preliminary experiments on calves showed that the parotid gland secretes 
little saliva in the first month of life, when the rumen is small and 
relatively empty. The development of parotid function has been studied 
: further in acute nen on goats from 2 to 276 days old under chlora- 
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The weight of the parotid gland increased approximately in proportion to 


body weight. The rate of parotid secretion at different ages is shown in 
Table 1. 


Taste 1. The rate of parotid secretion in goats of different ages expressed as g saliva/g parotid 
per hour (g/g.hr). Figures in brackets indicate the number of observations 


Condition of gland | 0-3 weeks 3-10 weeks 9 months 
Unstimulated, innervated 0-03-0-71 (11) 0-1-5-5 (10) 3-0-6-8 (2) 
Reflexly stimulated* 06-95 (8) 0-1-16-5 (9) .  36-9-87-2 (2) 
Unstimulated, denervated 0-01-0-03 (4) 0-06-0-98 (8) 1-9-2-1 (2) 


Parotid nerve stimulated 1-8-9-7 (12) 8-7-22-2 (10) 23°5-32-1 (2) 
* Thoracic oesophagus distended. 


At all ages the concentration of sodium plus potassium in the parotid 
saliva was between 140 and 220mm. Bicarbonate concentration was less 
than 25 mm where the rate of flow was below 1 g/g.hr, and increased to 
80-130 mm at the fastest rates of flow. The concentration of phosphate, 
conversely, was 40-80 mm at the slowest and 10-30 mm at the fastest 
rates of flow; slightly less phosphate was found in goats under 1 week old. 
Chloride concentration was not related to the rate of flow, but fell from 40 
to 90 mm in goats under 3 weeks old to 8-27 mm in the two 9-month-old 


goats. 


The relation between oxygen consumption, hypoxia and environ - 
- mental temperature. By June R. Huu. Department of Physiology, 
St Mary's Hospital Medical School, London, W.2 


It has been reported that the oxygen consumption of new-born animals falls 
when they are subjected to hypoxia of moderate degree (babies: Cross, Tizard 
& Trythall, 1955; puppies, kittens: Moore, 1956a, b; lambs: Acheson, Dawes 
& Mott, 1957). Having investigated this phenomenon further it now seems 
likely that the environmental temperature determines whether or not this 
effect: appears. 

For a long time (see, for example, Pembrey, 1898; Herrington, 1940) it 
has been known that for warm-blooded animals there is a certain environmental 
temperature or range (called the neutral temperature) at which metabolic 
rate is minimal. At lower temperatures the animal increases its rate of meta- 
bolism in order to maintain its body temperature. The experiments reported 
here indicate that it is this extra mntaboliens that is sensitive to moderate 
oxygen lack. 

An apparatus has been constructed to measure directly and with good time- 
resolution the oxygen consumption of unanaesthetized new-born kittens 
(aged 0-21 days) and adult guinea-pigs. Deep rectal temperature is recorded 
throughout each experiment. The animal’s environmental temperature can 
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be rapidly altered (full temperature equilibration takes less than 5 min) and 


then held constant. The oxygen content of the air breathed by the animal 
¢an also be changed easily and rapidly, and then kept constant at any desired 
oxygen level. 

New-born kittens are able to increase their metabolic rate in response to 


temperature. For instance, in an environment at 


26° C a new-born kitten consumes about twice as much oxygen as at its neutral 


2 temperature, which is around 34° C. 


When the oxygen content of the atmosphere breathed by a new-born kitten 


- in an environment at 26° C is reduced from 21 to 10% the animal’s oxygen 
- consumption falls sharply to nearly half its former value, and then remains 
_ steadily at that new level for as long as the animal is hypoxic. Meanwhile, 


the animal’s rectal temperature falls slowly and more or less exponentially. On 


» returning the oxygen level to 21%, the kitten’s oxygen consumption promptly 
; doubles, and its rectal temperature starts to rise towards the contro! value. 


If this experiment is repeated at the neutral temperature the finding is 
entirely different. Reduction of the oxygen content of the inspired air to 


- 10% now produces no reduction in oxygen consumption, and the animal’s 
_ rectal temperature does not fall. 


Adult guinea-pigs show a similar phenomenon. At low environmental 


- temperature oxygen consumption is reduced in response to mild hypoxia, 
__ while at the neutral temperature oxygen consumption is unaffected by re- 
_ duction of the oxygen level in the inspired air to even lower values. It is 
- interesting that none of the animals were visibly ee at the lower tem- 
_ peratures, whether they were hypoxic or not. 


* 
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activity of ricinoleic acid. By N. Ampacue. M.R.C. 


Ophthalmological Research Unit, Institute of Ophthalmology, Judd Street, 
London, W.C.1 


Alpes: that irin is an unsaturated hydroxy-fatty acid (HF'‘A) has been 
_ Biven previously (Ambache, 1958). The following HFA and lactones have 


_ how been tested: . 
(1) Ricinoleic.acid, CH,(CH,),CHOHCH,CH=—CH(CH,),COOH. The neutral- 


ized acid contracted atropinized hamster colons and could bé assayed on this 
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preparation (F—H in Fig. 1). Since irin is purifiable some 1000-3000 times it _ 

wv can be calculated from the match between Q (18-8 wg ricinoleic) and F 
(=3 mg iris tissue) that sodium ricinoleate is some 6-18 times less active than 
irin; moreover, with 90 sec contacts, the contractions to irin were broader, — 
and its dose-response ‘slope’ steeper. There were also small differences in 
Ry in chromatograms run in 60% methanol (irin, 0-79-0-92; ricinoleic, 0-58- 
0-77). In methyl ethyl ketone-water—diethylamine (60: 20:3) the Ry’s were: 
irin, 0:87-0-93; ricinoleic, 0-73-0-9. These results suggest a chain length for 
irin of the same order as in ricinoleic. Unlike irin, ricinoleic was stable in 
0-1n-NaOH at 20°C (6 hr), 
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Fig. 1. A-O, effects of sodium oleate, sodium ricinoleate and irin on an atropinized hamster 
_ colon; P-S, another preparation, 5 ml. bath. At Z and N, ricinoleate inactivated in 1 hr by 
_ LY, phenyl isocyanate, followed at M and O, without changing the bath fluid, by untreated 


ricinoleate. 

Sodium oleate, which differs from ricinoleate only by the absence of the 
OH on carbon atom 12, was at least 10 times less active than ricinoleate 
(B, C). Like irin, sodium ricinoleate was inactivated (L, NY by 1% pheny!- 

. lsocyanate, an OH-binding reagent. Both observations show the dependence 
of this type of pharmacological activity upon an OH group. A 

(2) 12:13-Dthydroay-oleic acid (Na). The activity of this acid, which differs . 
from ricinoleic by having an extra OH on (13, was —} that of ricinoleic; in 2 
subthreshold doses it. potentiated irin. 


(3) Iso-ricinoleic was < 1/5 as native as 
ricinoleic. 
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(4) 8-Hexenolactones. AaB- and Ayé-5-hexenolactones (200 ug) failed to 


stimulate. 


~ nd to Professor D. Jerchel, Mainz, for the hexenolactones. 
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_ The blood flow through the human hand immersed in a saturated 


solution of carbon dioxide. By W. E. Grover and A. D. M. 
GREENFIELD. Department of Physiology, The Queen’s University of Belfast 


- Stein & Weinstein (1942) showed that the calf blood flow increased by 15-150 % 


when the plethysmograph used to record flows was filled with water saturated 
with CO,. Diji & Greenfield (1958) showed that the local skin temperature 


_ rose when CQ, was injected subcutaneously. 


In twelve calorimetric experiments on three subjects the heat elimination 


- from the hand to water at about 29° C was raised by an average of 22% while 
_ the calorimeter was filled with CO, water. In six experiments on three sub- 


jects, using venous occlusion plethysmography at 32° C, filling the plethys- 


_ mograph with CO, water increased the blood flow through the hand by 121, 
- 39, 36, 30, 20 and 18%. In calculating the increase in heat elimination and 
flow allowance was made for spontaneous fluctuations as observed in the 
opposite control hand (Shanks, 1955; Greenfield & Patterson, 1954). 


During immersion a warm tingling feeling is often experienced in the ex- 


perimental hand, and on removal the part is noticeably reddened. 


It is concluded that CO, causes a vasodilatation when applied locally to the 


- human hand. This may be due to its direct action, or to an axon or other reflex. 
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The changes in tone in forearm resistance blood vessels during 
local exposure to subatmospheric pressures. By D. A. BLarr and 
I.C. Roppm. Department of Physiology, The Queen’s University of Belfast 

In ten subjects changes in skin and muscle blood flow in the forearm were 

_ estimated from changes in the oxygen saturation of superficial and deep 

venous blood samples & Whelan, 1956) local 
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exposure of the forearm to —50 mm Hg subatmospheric pressure. Subatmo- 
spheric pressure was applied for periods of 5-15 min and the circulation was 
occluded at the wrist by a pneumatic cuff. Before exposure the average 
oxygen saturation of the muscle blood was 38% (range 29-55) and that of the 
skin blood 49% (range 24-75). Immediately following exposure to —50 mm 
Hg the oxygen saturation of the muscle blood increased to an average value 
of 62% and that of skin blood to 57%. This increase was only transient and 
the saturation of both skin and muscle blood then fell gradually throughout 
the first 5 min of exposure. In some cases it fell to slightly above the resting 
level, in others it fell to it and in others, surprisingly, it fell below it. These 
new levels (skin blood average 46%; muscle blood average 35°) were then 
maintained fairly steadily until the end of the exposure. On returning the 
pressure to atmospheric the oxygen saturation of the muscle venous blood 
fell sharply to an average value of 26% and that of skin to 33% and both 
during the next few min then rose to their respective resting levels. 

On the assumption that the experimental procedures used did not alter - 
the oxygen requirements of the forearm tissues the changes in the oxygen 
saturation of thé venous effluent blood represented changes in blood flow. 
If this was correct the results would support the hypothesis that when a dis- 
tending force is applied to the forearm blood vessels by local exposure to sub- 
atmospheric pressures, the resistance vessels in noth skin and muscle initially 
dilate, presumably owing to passive distension. In response to this stimulus the 
tone in the vessels then increases, thus resisting the distending force, and the 
calibre of the vessels returns towards the resting value. This response would tend 
to maintain resistance to flow constant in the face of changes in transmural 
pressure. On removal of the distending force this increase in tone persists for 
a short while and causes an initial vasoconstriction before the tone in the re- 
sistance blood vessels can revert to normal (Greenfield & Patterson, 1954; 
Patterson & Shepherd, 1954; Coles & Greenfield, . 1956). 
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The quantity of neurohypophysial hormones liberated by suckling 
in the dog. By Mary Picxrorp. Physiology niversity of 
Edinburgh 
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pa Excretory rhythms in indigenous arctic peoples. By Mary CO. Lopran. 


Physiological Laboratory, University of Cambridge, and the Arctic Health 
Research Center, Anchorage, Alaska 


_ In regions where night is associated with darkness and sleep, jeu day with 
_ light and activity man normally exhibits a marked diurnal excretory rhythm. 
 (Pieron, 1913; Kleitman, 1939; Stanbury & Thomson, 1951). If subjects 
from Great Britain are taken to Spitzbergen, and there spend some time in the 
- comparatively constant external environment of the high arctic summer, so 
_ well established are the intrinsic excretory rhythms that in some subjects 
_ these rhythms persist for up to 6 weeks, not only in the face of an abnorinal 
environment, but also in spite of a superimposed abnormal time routine (Lewis, 
- Lobban & Shaw, 1956; Lewis & Lobban, 1956). In other subjects, however, 
- adjustment of the excretory rhythms to the abnormal time routine does take 
- place (Lewis & Lobban, 1957). 
- In view of the variation in response to an abnormal arctic environment 
_ which has been found in ‘imported’ subjects, it has become of interest to 
investigate the normal daily excretory rhythms of indigenous arctic peoples. 
In 1957 data were obtained from native volunteers in an arctic Indian village~ 
- in the Yukon Territory about midsummer (period of maximum daylight), 
_ and about midwinter (period of minimum daylight). Recordings of the ex- 
cretion of water, sodium, potassium and chloride were made over 24 hr 
_ periods for a number of Indian subjects, and also for white subjects who had 
__ been living in the same arctic environment for different periods of time. A 
_ small number of recordings were also made in July in an Eskimo community 
_ on the arctic coast of Alaska. These recordings show that in about half the 
_ native subjects studied the diurnal excretory rhythms which we have come to 
regard as normal in subjects from temperate zones were either absent or were — 
_ very much reduced in amplitude. Similar findings were obtained in white 
_ Subjects who had been living in the same arctic environment for some months. 
It is suggested that both the environment and the activities of human 
subjects play an important part in the establishment -_ maintenance of 
physiological diurnal in man. 
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The incidence of hypertrophy and hyperplasia of the media in the 
branches of the pulmonary artery in cats. By T. Scratcuzrp 
and D. E. Wricgut. Department of Physiology, Medical School, King’s 
College, Newcastle upon Tyne 

Hypertrophy and hyperplasia of the media of the branches in the lung of the 

cat’s pulmonary artery have been stated to be rare (Kell, Hennigar & Hoff 

1956; Olcott, Saxon & Modell, 1946). 

The lungs of fifty consecutive adult cats, used in our laboratory for other 
routine purposes, have been studied. Samples were taken from each of the 
seven lobes for histological examination. It was found that in 30% of these 
animals there was a hypertrophy and hyperplasia of the media of the muscular 
pulmonary arteries. In about one half of these the lesion was severe. In all _ 
cases the lumen was considerably reduced and in some it was almost com- 
pletely obliterated. 

In more severely affected lungs, this hyperplasia extended to the media of 
the arterioles and in those specimens in which the lesion was greatest, plain 
muscle fibres unassociated with blood vessels were observed, particularly in 
the region of the terminal bronchioles. By use of a variety of staining tech- 
niques it was established that the hyperplasia i in the blood vessels arose pre- 
dominantly as the result of an increase in size and — of plain muscle 
fires 4 in the media. 3 
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Histochemistry of the adrenal cortex after administration of 
adrenocorticotrophin (ACTH). By J. K. Burns. Department of 


Physiology and Biochemistry, Queen’s College, Dundee, The University 
of St Andrews 


_ Symington & Davidson (1956) using chemical methods rea an increase in 
the ribonucleic acid: deoxyribonucleic acid ratio in adrenals of patients who 
had been treated with ACTH. These authors also demonstrated histochemically 
that the increase in ribonucleic acid (RNA) occurred in the adrenal cortex. 
A cytophotometric technique was used by Burns, Hale & Hutchinson (1956) 
to show that mean adrenal nuclear deoxyribonucleic acid was not altered in 
amount in the guinea-pig after administration of ACTH. If the findings in 
these animal experiments reflect the conditions present in the human adrenal, 
the results of Symington & Davidson (1956) may be interpreted as indicating 


that an increase in mean cellular RNA occurs in the human adrenal following 
administration of ACTH. | 
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The present investigation was undertaken with the object of correlating 
changes in the distribution of RNA in the guinea-pig adrenal cortex with 
alterations in the patterns of distribution of some other substances, after 
_ administration of ACTH. Groups of mature female guinea-pigs were treated 
with ACTH (Armour), 5mg/500g body weight morning and evening, 


_ for periods varying from 3 hr to 28 days. Sections from the adrenals were 


stained for RNA, lipid, acid and alkaline phosphatase, ascorbic acid and 
glycogen. 

_ In the acute experiments (3, 6, 12 and 18 hr) depletion of lipid, ube 
acid and glycogen occurred in some adrenocortical zones. In the prolonged 
_ experiments (1-28 days) lipid and phosphatase were found in increased con- 
centration, whereas ascorbic acid and glycogen were present in normal amounts. 
RNA gradually increased in amount with ACTH administration. This increase 
in RNA was generally associated with increased deposition of lipid. 
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_ A change in regional oxygen consumption during anoxia in the 
| new-born lamb. By K. W. Cross, G. 8. Dawzs and Joan C. Mort. 
Nuffield Institute for Medical Research, Unwersity of Oxford, and the 
Physiology Department, St Mary’s Hospital Medical School, London 


_. Many new-born animals show a fall in resting oxygen consumption on pro- 
gressive reduction of the oxygen content of the inspired air. This fall might be 
greater in some tissues than in others. In order to test this hypothesis we 
used lambs 4-12 days old, under chloralose anaesthesia, and in the absence of 
_ shivering. The trachea was cannulated and the oxygen consumption of the 


~ whole lamb was measured directly from a closed circuit from which the carbon 


s dioxide was continuously removed. Blood flow up the inferior vena below the 
entry of the renal veins was measured with a velodyne flow-meter. The oxygen 
consumption of the hind quarters was calculated by multiplying the arterio- 
= venous oxygen difference by inferior vena caval flow. When the arterial oxygen 
_ saturation was reduced to 31-43% by lowering the oxygen content of the 


___ inspired air, the oxygen consumption of the hind quarters was reduced relative 
q _ to that of the whole lamb. Thus in one instance when the arterial O, satura- 
: _ tion fell to 41%, the oxygen consumption of the whole lamb was not signifi- 


cently altered, but that. of the hind limbs fell by as much as 25 ” although 
| pee vena caval flow was increased. 
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The effect of administration of Benemid upon biliary excretion. 
By A. E. T. G. Rionarps and V. R, Department 
of Physiology and Histology, University of Liverpool 

Two parts have been recognized in the total process of bromsulphthalein — 

(BSP) excretion for some time (Wirts & Cantarow, 1942) and can be given in 

a quantitative relationship which expresses the observed behaviour (Richards, 

Tindall & Young, 1958). 

The nature of these events is obscure, and their relation to the normal bile 
constituents is uncertain. The present report concerns only the effect of 
di-n-propyl-sulphamyl benzoic acid (Benemid) upon the biliary excretion of 
BSP, sodium and endogenous bilirubin in the anaesthetized dog. 

Nembutal anaesthesia was employed in all cases. BSP was given as either 
(a) single injection (5 mg/kg), or (b) continuous intravenous infusion (0-07 mg/ 
kg/min). Benemid was administered as a single 1.v. injection (150 mg/kg) in a 
solution at pH 7-6. Plasma BSP determinations were made at a 
throughout each experiment. 

Benemid given alone produces a marked choleresis, which lasts for at ast 
3 hr without evidence of decline. In eight experiments the average increase 
in bile volume per unit time was approximately 3-0 times. Sodium con- 
centration in the bile so formed was unchanged. The rate of bile pigment | 
excretion was unchanged in three experiment and reduced by 6-10% in four 
experiments. 

The administration of Benemid during continuous BSP infusion was followed 
by: (1) the choleresis observed with Benemid alone, (2) no change i in the rate 
of excretion of bile pigment, (3) a reduction in BSP excretion to about 50% 
of controls, and (4) lasting elevation of the plasma BSP concentration. — 

Benemid administration following a single’ injection of BSP produced 
qualitatively similar results. In these cases, however, the rise in plasma 
concentration produced by Benemid fell with time, as BSP excretion 
continued. 

An interpretation of these observations must be tentative. Both diana 
and carinamide appear not to inhibit phosphatase in the liver and the kidney. 
BSP and Benemid are both anionic substances, and they may be thought to 
compete for sites of adsorption upon the protein molecule. It has been sug- 
gested (Goldacre, 1952; Danielli, 1952) that such attachment to protein may 
play an essential part in active transfer or in ‘assisted’ diffusion across a cell 
membrane. Such a view would help to explain the reduced uptake of BSP 
from plasma, and the efflux of BSP from the cell to plasma after Benemid 
administration, Reduced BSP excretion may result from a similar blockade, 
but may also be due to the coincident loss of BSP from the cell. The relatively 


small change in the rate of pigment excretion that it at 
other sites or by another mechanism. | 
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_ The effects of a low-potassium diet on the water and electrolyte 
Z content of the rat kidney. By R. F. Crampron and D. M. Matruews. 
Department of Physiology, University of Birmingham 
Measurements of sodium, potassium, total water and inulin space in the 
morphological zones of the kidneys of rats fed on a low-potassium diet are pre- 
sented in Table 1. Similar data from rats fed on a ‘normal’ diet (Crampton, 
1957) have been used for comparison. The potassium content of the ‘normal’ 
_ diet was 130-160 m-equiv/kg, and that of the low-potassium diet about 
_ 1-0 m-equiv/kg. On the low-potassium diet, urinary potassium fell to below 
15 m-eguiv/l. 


low-potassium diet. ‘Normal’ figures are in parentheses 


Zone Sodium* - Potassium* Total watert Inulin spacet 
1 54-0 (65:3) 68-0 (67-4) 75-1 (75-3) 27-0 (29-0) 
2 58-0 (67-3) 66-0 (65-4) 75-2 (76-5) 34-9 (28-9) 
3 67-0 (84:5) 61-4 (59-4) 79-5 (79-8) 27-2 (28-9) 
4 101 (166) 50-8 (46-0) 81-6 (85-0) 39-3 (29-1) 
Whole kidney slices 228 (24-2) . 

* Expressed as initial wet weight. 
+ Expressed as mii 100, wet weight. 


The significant differences (P< 0-05) between the kidneys of rats on the 
‘normal’ and low-potassium diets are as follows. On the low-potassium diet, 
sodium is decreased in all zones..The potassium content of zone 4 is raised 
__ (the other zones showing no significant change). Inulin space is increased in 
_ zones 2 and 4 and total water is decreased in zone 4. 

These results, and the data obtained by Crampton & Matthews (1958) for 
_ rats fed on a low-sodium diet, show that changes in the electrolyte content of 
zone 4 of the kidney, brought about by dietary variations, cannot be explained 
__ by alterations in the electrolyte content of the fluid in the collecting tubules. 
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_ Vasomotor reversal and reserpine. By J. H. Burn and M. J. Ranp. 
= Department of Pharmacology, University of Oxford 

-_ When dopamine (3-hydroxytyramine) is injected into an anaesthetized guinea- 
pig or rabbit it often causes a fall of blood pressure (Holtz & Credner, 1942; 
_ Hornykiewiez, 1958), In attempting to understand how this fall was produced 
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we decided to investigate the action in guinea-pigs treated with reserpine. _ 
We have recently demonstrated that reserpine causes the store of noradrena- 
line-like substance in the vessel wall to disappear (Burn & Rand, 1957, 1958<). 

We found that whereas dopamine had a depressor effect in normal guinea- 
pigs and rabbits anaesthetized with urethane, its effect was pressor in the — 
animal previously treated with reserpine. — 

We also found that if an infusion of noradrenaline was made into the re- 
serpine-treated guinea-pig or rabbit, the injection of dopamine once more had 
a depressor effect. This depressor effect was still obtained in some experiments 
after the infusion of noradrenaline had been stopped. There is reason to believe 
that such an infusion of noradrenaline builds up the store in the vessel wall 
once again, for we have shown that after such an infusion the pressor action 
of tyramine, which is absent in the reserpine-treated cat, is restored (Burn & 
Rand, 19585). 

We have made observations with epinine similar to those made with 

Thus when there is no store of noradrenaline in the artery wall, dopamine 
and epinine are purely pressor substances. If, however, a store of noradrena- 
line in the wall is present, dopamine and epinine are depressor substances. 
It may be that the store in the wall normally exerts a constrictor action by a 
steady leakage from the store, and that when dopamine is injected it competes 
with the released noradrenaline for the receptors. However, since it is a feebler 
constrictor agent, the result of this competition is a fall in vascular tone. 


This work was done during the tenure by one of us (M. J. R.) of an Australian and New 
Zealand Life Insurance Medical Research Fellowship. | 
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The blood flow and milk yield of goats’ udders perfused with 
artificial media. By E. C. A. N. Drury, 
D. C. Harpwicx, J. L. and M. Tucker. A.R.C. 
Institute of Animal Physiology, Babraham, Cambridge | 


Heparinized whole blood is an unsatisfactory perfusate for the isolated goat’s 
udder because of the very poor blood flows obtained (mean 6-11 ml./100 g/ 
min), probably due to the high 5-HT content of goat blood. 


We have perfused udders, removed under epidural anaesthesia and chlor- __ 


promazine, for 8-10 hr with a sterile suspension of washed goat red cells in 
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5~7% goat albumin in Krebs-Henseleit solution with penicillin and strepto- 
mycin.. It was found necessary to keep the 5-HT content of the perfusate to 
less than 0-2 g/ml. by using red cells free of platelets and white cells. With 
_ this perfusate mean blood flows of 48 + 15 (s.p.) ml./100 g/min were obtained 
(maximum flow 60 + 15). This compares well with the blood flow in conscious 
goats of 52 +11 ml,/100 g/min (Linzell, unpublished). ; 

_ As in cows’ udders perfused with whole blood (Tindal, 1957), the rate of 
- milk secretion steadily declined to very low levels during the first 3 hr and in 
_ allno more milk was produced than was secreted in 1 hr before the experiment 
(average of several days). However, when a substrate-hormone mixture 
containing 19 amino-acids, glucose, acetate, B-hydroxybutyrate, phosphate, 
- ealcium, growth hormone, thyroxine, insulin and tissue culture fluid no. 199 
of Morgan, Morton & Parker (1950), was run in during the perfusion, by 
_ contrast, the rate of milk secretion rose to a maximum of 70% of normal at 
- 2-8 br and declined slowly thereafter. In all, during a 10 hr experiment up 
_ to 37%, of the expected milk (of normal composition) was obtained. Un- 
_ fortunately, the substrate-hormone mixture generally caused some vaso-— 
_ constriction, the mean blood flow being 21 +11 ml./100 g/min and maximum 
flow 35 +23. Since the total milk yield was directly proportional to the 
-- mean blood flow during the perfusion, it is believed that this vasoconstriction 
(chiefly due to acetate) is at present a limiting factor in milk secretion. | 
_. Epidural anaesthesia was used because one of us (J. L.L.) noted that surgery _ 
_ under general anaesthesia lowered the milk yield of goats by 75% for 6-12 hr, 
_ but that under epidural anaesthesia with chlorpromazine this did not occur. 
_ In preliminary experiments, we found that udders removed from goats under 


~ general anaesthesia (pentobarbitone/cyclopropane), or from recently killed 
animals, yielded very little milk even when 4 substrate-hormone mixture was 


- added or whole blood was used. 

- _ The substitution of the goat albumin by dextran, bovine albustiia:; or whole 
- plasma did not give such satisfactory results. The addition of prolactin to the 
_ substrate-hormone mixture in one experiment did not have any marked effect. 
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__ The blood-bathed isolated organ: a method of testing the circulat- 
blood for active substances. By J. R. Vane. Department 
F Pharmacology, Royal College of Surgeons of England 

The estimation of pharmacologically active substances in the blood stream 
usually involves the collection and purification of blood samples followed by 
= e2 
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- one or two bioassays. It has been found possible to eliminate these time-con- 
suming intermediate steps by bathing the assay organ directly in blood, rather 
than one of the simpler salt solutions. A fraction of the animal’s circulating 
blood flows continuously through the isolated organ bath and then back into 
the animal, so that circulating active substances can be detected rapidly and 
continuously, 

Heparinized arterial blood from an anaestnetized or spinal cat or rabbit 
was pumped at 10-30 ml./min through a siliconed organ bath, maintained at 
37-5° © by an outer water jacket. The animal’s heart was allowed to pump the 
blood through the bath, but should an unvarying rate of flow be required, 
another pump could be included. The blood overflowed from a side arm at 
the top of the bath into a venous reservoir, returning by gravity feed into the 
animal’s circulation. The total quantity of blood in the external circuit was 
10-15 ml., or about 5% of the total blood volume. 

The organ bath contained a rat stomach strip preparation (Vane, 1957), the 
tone of which was recorded by a pendulum lever (Paton, 1957) of 16:1 magni- 
fication. When bathed in Tyrode solution, this preparation is contracted by 
small amounts of hydroxytryptamine or acetylcholine and relaxed by adrena- 
line-like substances. When bathed in blood, the tone of the stomach strip is 
steady, but much higher: at the same time, the preparation is less sensitive to 
acetylcholine and hydroxytryptamine and more sensitive to adrenaline-like 
substances. Changing the rate of blood flow through the bath from 10 to 
30 ml./min produced only minor changes in the basal tone of the stomach 
strip. | 
The effects of known concentrations of drugs on the blood-bathed prepara- 
tion can be estimated by injection or infusion of the drug into the blood as it 
leaves the animal, on the way to the strip. These effects can then be compared 
with those which follow intravenous infusion or injection of drugs, or libera- 
tion of substances into the blood stream by the animal itself. 

In this way, for example, the effective blood concentration of sympathetic 
amines released from the adrenal glands can be assayed in terms of adrenaline 
or noradrenaline. The sensitivity is such that 12 shocks to the splanchnic — 
nerve or the intravenous injection of 0-1 wg adrenaline give high enough arterial 
blood concentrations to be estimated by the relaxation of the stomach strip 
which is produced. 


The animals’ blood pressure and general condition remained good for 
several hours. 
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_ The distribution of mitoses in the pulp and periodontal connec- 
tive tissues of the continuously erupting rabbit mandibular 
incisor. By A. R. Ness and D. E. Smauz. Medical Research Council, 
Physiology Department, Uniwersity College London and Dental Department, 
University College Hospital Medical School 
| The location of mitoses in microscopic sections, cut at 4u through the long 
axis of the rabbit mandibular incisor and stained with haematoxylin, has 
_ been determined using stage micrometers and eyepiece graticule. Five sec- 
tions from each of both incisors of three animals were scanned. 


80 100 +120 140 #160 #180 200 220 
Distance from lingual surface of incisor (y) 


_ Fig. 1. Distribution of the distances from the tooth surface of 214 mitoses located in the ‘inter- 
a mediate layer’ of the periodontal connective tissues on the lingual aspect of the rabbit 
mandibular incisor. 


An average of 13-6 mitoses/section was found in the pulp. Of these pulpal 
mitoses 42°/ were found in the basal 0-5 mm of the pulp, 21% in the next 
| 05mm and 35% between 1 and 5 mm from the base: a distribution more 
| extensive than has been previously described. 16% of pulpal mitoses were in 
| the walls of blood vessels. 

| An average of 7-1 mitoses/section was found in the ‘intermediate layer’ 
_ of the periodontal connective tissue on the lingual aspect of the incisor. 


| _ These mitoses were distributed fairly evenly along the length of the tooth 


| ‘ but showed a significant distribution of distance from the lingual surface of 
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the incisor (Fig. 1): this may be related to the means whereby the connective 
tissue both anchors the tooth to the bony socket and yet allows it to be con- 
tinuously extruded. 


The location of renin within the kidney. By W. F. Coox and 
G. W. PickERING. Department of Regvus Professor of Medicine, Radcliffe 


Infirmary, Oxford 


To locate renin, it seemed desirable to separate glomeruli and tubules quickly 
enough so that the renin had not escaped from the cells. Previous experience 
had suggested that particles of the right size entering the renal circulation 
would lodge in the glomeruli; and if these were magnetic the glomeruli could 
be removed by a magnet. Preliminary experiments showed that a suspension 
of glomeruli, tubules and other fragments suspended in McEwen’s (1956) 
solution at 4° C lost negligible amounts of renin in six hours. 

_ By infusing a suspension of magnetic oxide of iron (Fe,0,) in gum acacia 
into the renal artery of the recently killed heparinized rabbit, all, or nearly all, 
the glomeruli are in] jected. In the cold room the cortex is cut off and pressed 
through 150-mesh sieve. The mush is suspended in McEwen’s solution and 
centrifuged slowly. The precipitate is resuspended in McKwen’s solution and 
allowed to flow by gravity past the pole of an electro-magnet; the magnetic 
particles stick to the pole, the remainder goes on. By repeating this process 
three or four times, the magnetic fraction is found to consist almost entirely 
of glomeruli with or without attached fragments, while the non-magnetic 
fraction consists largely of tubules, though fragments of vessels and connective 
tissue and small fragments of glomeruli are present. By pouring the magnetic 
fraction through the sieve it can be separated into —- with attached 
fragments and glomeruli without such fragments, 

~ From the fraction so obtained, three portions were taken: 1, for assay of 
renin; 2, for estimation of nitrogen; and 3, for histology. Renin was assayed 
on the rat’s blood pressure in terms of an extract of a standard alcohol- 
dried kidney powder. Nitrogen was estimated in triplicate, by a modification | 
of Hawes & Skavinski’s (1942) method. In fourteen experiments both the 
magnetic and the non-magnetic fractions have invariably contained renin, 
but the glomeruli have been more active than the tubules. 

In terms of milligrams of nitrogen the most active preparations are glomeruli 
with attached fragments consisting of proximal tubule, macula densa, polkis- 
sen and juxtaglomerular apparatus. Glomeruli from the outer cortex are more 
active than glomeruli from the inner part, Preliminary experiments in which 
glomeruli are mixed with tubules from the medulla, which contains no renin, 
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2 suggest that some of the pressor activity of the non-magnetic fractions may 
be due to contamination from the glomerular fractions, The experiments thus 
suggest that renin is located in or very near to, the glomerulus. 


REFERENCES 


Hawes & Skavinski (1942). Ind, Engng Chem. (Anal.), 14, 917. 
MoEwen, L. M. (1956). J. Physiol. 181, 678. 


_ Changes in the O, saturation and the pH of the arterial blood in 

3 the anaesthetized dog during prolonged positive acceleration. 

_ By P.-O. Barr, H. Brorstrept and J. C. G. Corerrpex.* Laboratory of 
Aviation and Naval Medicine, Karolinska Institutet, Stockholm 


It is known that anaesthetized dogs exposed to positive radial acceleration 
(centrifugal force acting in the head-tail direction) may show gross changes in 
- the pulmonary ventilation (Barr, Bjurstedt & Coleridge, 1958). It seemed 
reasonable to assume that associated blood gas changes might not be caused 
solely by alterations in the total pulmonary ventilation because the centrifugal 
_ force will divert blood from its normal course to the lower parts of the lung. 

Since this may lead to uneven ventilation in different parts of the lungs or to 
_ impaired diffusion in congested regions, and since these factors are known to 
_ produce an increase in the alveolar-arterial pO, difference, it seemed pertinent 
_ to look for changes in the arterial O, saturation during prolonged positive 
acceleration. 
_-. The dogs were placed in a centrifuge (radius 24 ft.=7-3m) in the supine 
_ position with the long axis of the body in the radius of rotation and the head 
_ towards the centre of rotation. Arterial 0, saturation and pH, respiratory 
_ minute volume and arterial blood pressure were recorded continuously during 
_ exposure to moderate g forces (up to 4 g) for periods of up to 5 min. 
Since 0, saturation fell in some dogs down to 80% despite 0, administration 
and concomitant hyperventilation, it is concluded that some type of venous 

_ admixture may ensue as a result of prolonged positive acceleration. In some 
- cases O, saturation fell progressively during 5 min runs. It was also observed 


_ that, after discontinuation of the runs, the lowered 0, saturation sometimes 


_ returned to normal only after several minutes and in other instances never 
_ showed full recovery Similarly, the changes in the pH of the arterial blood 
_ could not be explained solely by the alterations in the total pulmonary 
ventilation during acceleration. 

* Prosent address: Department of Physiology, School of Meine, Lend 2. 
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The intracellular localization of 5-hydroxytryptamine (5-HT) 
in relation to mitochondrial enzymes. By Ruts V. Baker. 
Department of Pharmacology, University of Oxford | 

If a homogenate of the dog’s duodenal mucosa is prepared in isotonic (0:3 bw 

sucrose and a low-speed supernatant obtained by centrifugation, it is found 

that much of the 5-HT activity of this supernatant can be sedimented by 
high-speed centrifugation (Baker, 1958). This sediment of large granules also 
contains the mitochondrial enzymes. 

Suspensions of the large granules have been centrifuged in the eis. | 
fuge over hypertonic solutions of sucrose of different molarity. Succinic 
dehydrogenase activity and 5-HT content were determined in the sediments 
obtained. It was found that the succinic dehydrogenase did not penetrate 
into the more strongly hypertonic solutions, whereas the 5-HT was recovered 
in the sediment even when the sucrose concentration was 1-6 M. 

These observations suggest that the particles that store the 5-HT in the 
intestinal mucous membrane are not the mitochondria. This is analogous to 
observations made on the catechol amines in the adrenal medulla (Blaschko, 
Hagen & Hagen, 1957) and on mast cell histamine (Barrnett, Hagen & Lee, 
1958): these amines are also present in granules distinct from mitochondria. 


REFERENCES 


“Baker, R. V. (1958). J. Physiol. 142, 563-570. is 
' Barrnett, R. J., Hagen, P. & Lee, F. L. (1958). Biochem, J. 69, 36P. 
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A search for arteriovenous anastomoses in skeletal muscle. By 
T. E. Bartow, A. L. and D, N. Watper. 
and Surgery, King’s College, Newcastle upon Tyne 


It has been suggested by some observers, Barcroft & Kitchin (1957), 5 ihiact 
(1957) and Hyman (1957), that skeletal muscle may possess a dual circulation, 
one subserving nutritive requirements, the other being non-nutritive and 
possibly flowing through direct arteriovenous communications. 

In the classical descriptions of the circulation in skeletal muscle by Spalte- 
holtz (1888) and Krogh (1922) there is no mention of arteriovenous anasto- 
moses. Boyd (1952) summarized the anatomical evidence available at that 
time and concluded that there was no clear proof for the existence of arterio- 
venous anastomoses in skeletal muscle. More recently, Zweifach & Metz 
(1955) claim to have observed ‘ preferential’ capillary channels in the edge of 
the spino-trapezius muscle of the rat. 

An attempt has been made to determine whether or not arteriovenous 
anastomoses exist in the skeletal muscle of cats and rabbits. 
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by (1) Histological examination 
- Whilst it has been possible to demonstrate clearly the presence of arterio- 
 yenous anastomoses in the rabbit’s ear and cat’s stomach by using a modifica- 
~ tion of the double injection technique described by Barlow (1952) no evidence 


could be obtained for the existence of arteriovenous channels greater than 
capillary size in skeletal muscle. 


(2) Eaperiments with glass spheres 
“Using the technique described by Walder (1952) no evidence for the ex- 


_ istence of arteriovenous anastomoses comparable with those found in the 
_ human stomach could be obtained. 


(3) Clearance of radioactive ions 
_ Simultaneous records of the clearance of radioactive ions (using either 
“Na, “K or 1!) and venous outflow, together with direct observation of the 
_ capillary bed before, during and after intravenous infusions of adrenaline led 
to the conclusion that during the intravenous infusion of adrenaline and for a 
_ short while afterwards it is possible for blood to flow through capillaries and — 
_ yet for there to be no clearance of radioactive ions. 

By these experiments we have not been able to demonstrate the presence 
__ of typical arteriovenous anastomoses in skeletal muscle, but it would appear 
_ that it is possible in certain circumstances for a flow to occur through the 

_~ capillary bed and yet not to take part in ionic exchange. This would suggest 


_ that the phenomena previously attributed to the presence of arteriovenous 


4 anastomoses may be accounted for by some change in the permeability of the 
capillary bed. 

- Barcroft, H. & Kitchin, A. H. (1957). Angeiologie, 2, 24. 

Barlow T. E. (1952). Visceral Circulation. Ciba Foundation Symposium. London: Churchill. 

_ Boyd, J. D. (1952). Visceral Circulation. Ciba Foundation Symposium. London: Churchill. 


Hyman, ©, (1957). Angetologie, 2, 25. 


_ Krogh, A. (1922). The Anatomy and Physiology of the Capillaries. New Haven: Yale University 


Lambert, J. (1957). Arch, Int. Physiol. Biochem. 65, 46. 


Spalteholtz (1888). Abh. sachs. Ges. (Akad.) Wiss. (Math. Physik. K1.), 14, 509. 


Walder, D. N. (1952). Clin. Sci. 11, 59. 


. Zweifach, B. W. & Metz, D. B. (1955). Angiology, 6, 282. 


Pancreatic secretion in the conscious sheep. By R. B. Taytor. 
Institute of Animal Physiology, Babraham, Cambridge 

Pancreatic juice was collected from ‘three Clun Forest sheep which had 
modified Thomas fistulae (Hill & Taylor, 1957). The animals remained in their 
. pens throughout each experiment and were fed at the usual time (between — 
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9a.m. and 10 a.m. daily) with chopped hay and oats, most of which was 
consumed by 12 noon. Collections were made continuously in a plastic bottle 
strapped to the animal’s side for periods up to 30 hr, the container being 
emptied at hourly intervals. Volume output varied between 0-3 and 0-7 ml./ 
kg/hr, and in many experiments output was highest between 1 and 9 a.m. 
and lowest between 4 and 10 p.m., while in others the rate remained almost 
constant. In all experiments, however, irrespective of the time of day that 
collection was started, amylase output began to fall 5-8 hr later, and there- 
after remained at 30-60% of its initial value, although volume output was 
unchanged. After the fall in amylase output, feeding sometimes produced a 
small transient increase in volume and amylase output, lasting 1-2 hr, but 
amylase output never returned to its original value. 

In a second series of experiments pancreatic juice was infused into the 
duodenum at approximately the same rate as it was being secreted, 2 ml. 
only of each hour’s collection being retained for analysis. Under these con- 
ditions the previously observed fall in amylase output did not occur, while the 
volume output was again unchanged. This suggested that the presence of 
pancreatic juice in the duodenum was concerned in the secretion of pancreatic 
enzymes, as was indicated by the results of Thomas & Crider (1947). 

That the major factor provoking continuoussecretion of pancreatic juice in the 
ruminant is the constant presence of ingesta in the alimentary canal was shown 
by further experiments in which the ramen was emptied and washed out 24 hr 
before collection of pancreatic juice was started. Under these conditions the 
- volume output was 0-05-0-15 ml./kg/hr, and amylase output was reduced i in the 


same proportion. 
REFERENCES 


Hill, K. J. & Taylor, R. B. (1957). J. Physiol. 189, 26-27 P. 
Thomas, J. E, & Crider, J. O. (1947). Fed. Proc. 6, Part 1, 214, 


The response of isolated strips of the sheep’s stomach to histamine 
and other substances, By J. Sanrorp. Department of Pharma- 
cology and General Therapeutics, University of Liverpool 


Strips of reticulum, rumen, omasum and abomasum, obtained from freshly 
killed sheep, were each suspended in a 10 ml. bath of Tyrode solution at 
_ 87°C through which oxygen was bubbled. The mucosa was first detached 
before each strip was mounted in the bath. Movements were recorded by 
means of an isotonic writing lever, magnification 12 and the tension exerted 
on the strip was approximately five grams. 

Spontaneous movements have been observed in strips obtained from all 


compartments, but, in general, preparations of the reticulum showed less 
consistent spontaneous 
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Table 1 is a summary of the responses observed when acetylcholine chloride 
| (ACh), 5-hydroxytryptamine creatinine phosphate (5-HT), histamine acid 
_ phosphate (histamine) or L-adrenaline were added to the bath. 


TaBLE 1. Responses of isolated strips from different parts of the sheep stomach to four drugs. 
: Doses in wg/ml. Fractions indicate the proportion of preparations showing the response 


ACh 5-HT L-Adrenaline 
Dose... 1 0-1 2 0-2 12 2 0-2 
Response... Contraction Contraction § Relaxa- Contraction (C) 
tion (R) 
Rumen 15/15 10/16 4/4 4/4 3/8 2/7 (R) 
| | 1/7 0/7 (C) 
Omasum 6/6 1/6 0/4 0/4 0/4 ~ 2/3 (C) 0/3 


Abomasum 30/30 1/30 3/8 3/8 6/6 4/40) (C) 


All preparations contracted to ACh but the reticulum and omasum were less 
sensitive than the rumen and abomasum. 5-HT contracted all strips except 
those of the omasum and there appeared to be no difference in the responsive- 
ness of the other preparations. 
There was considerable variation in the nature of the response to L-adrena- 
line. Contraction was observed in the omasum and abomasum whilst three 
preparations of the rumen were relaxed. 
_ Histamine did not contract any of the preparations but relaxed all strips 
_ of the abomasum and three of the rumen. In other experiments it was found 
. that addition of histamine to the bath diminished the subsequent response of 
| the abomasum and rumen to acetylcholine. 
_. These results differ from those reported by Duncan (1954) with regard tothe — 
_ response to histamine, but are in agreement with her observations and those 
of Dougherty (1942), and Clark (1950) that in vivo histamine inhibits gastric 
- movements. It is concluded that histamine has a direct action on gastric 

musculature and it is suggested that it may play a = in controlling move- 

ments particularly of te abomasum. 


REFERENCES 
Clark, R. (1950). J. 8. Afr. Vet. Med. Ass. 21, 13-17. 
Dougherty, R. W. (1942). Cornell Vet. 32, 269-280. 
Duncan, D. L. (1954). J. Physiol, 125, 475-487. 


Changes in the vascular resistance of the forearm and hand 
during radial acceleration. By P. Howarp and J. 8. Garrow 
(introduced by W. K. Stewart). Royal Air Force, Farnborough 
_ Measurements of blood flow in the forearm have been made on the human 


_ centrifuge using the mereury- -in-rubber strain gauge method or Whitney 
(1049), 
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Vascular resistance has been estimated by the arterial ‘run-off’ method 
recently reported (Hayter & Sharpey-Schafer, 1958). 

During radial acceleration, blood flow through the forearm segment dim- — 
inishes out of proportion to the fall in arterial blood pressure, and the ‘run-off’ 
index rises. The vascular resistance in the hand also increases. 


REFERENCES 
Hayter, O. J. & Sharpey-Schafer, E. P. (1958). Clin. Sci. 41, 237. 
Whitney, R. J. (1949). J. Physiol. 109, 5-6 P. 


The recirculation of lymphocytes from blood to lymph in the rat. 
By J. L. Gowans. Sir William Dunn School of Pathology, University of 
Oxford 

In the unanaesthetized rat about 10° lymphocytes can be collected from the 

thoracic duct during the first day after cannulation; this would replace all the 

lymphocytes in the blood about eleven times in a day. It was shown (Gowans, 

1956, 1957) that in order to maintain this high output from the thoracic duct 

for periods longer than 1-2 days it was necessary to re-infuse continuously into 

the blood all the lymphocytes collected from the fistula. When either cell-free 
lymph or lymph which contained killed lymphocytes was re-infused a pro- 

' found fall in the output eventually occurred, identical to that described by 

Mann & Higgins (1950) in rats receiving no intravenous replacement of either 

cells or fluid. 

- A method has been developed for the prolonged intravenous transfusion — 

of thoracic duct lymphocytes between members of a highly inbred strain of 

rat. A vigorous transfusion will restore to a normal level the low output of 
lymphocytes that results from the prolonged drainage of lymph from the 
thoracic duct; the high output from a freshly cannulated rat can be at least 
doubled. The number of lymphocytes transfused can be roughly accounted for 
by the extra lymphocytes appearing in the thoracic duct lymph of the recipient 
rat. The use of tritium-labelled thymidine has shown that the rise in the 
thoracic duct output after transfusion is not due to the formation of new cells. 

The transfusion of *P-labelled lymphocytes results in their rapid appearance 

in the thoracic duct lymph. | 

These results strongly suggest that lymphocytes recirculate from blood to 
lymph in large numbers and that this is the explanation of the apparently 
high turnover of lymphocytes in the blood. This idea is further strengthened 
by the demonstration that very few lymphocytes in the thoracic duct contain 
newly synthesized DNA. The continuousinfusion of tritium-labelled thymidine 
into a freshly cannulated rat results in the appearance of very few labelled 


| lymphocytes i in the thoracic duct lymph and no reservoir of labelled cells 
remains in the lymph nodes. 
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: Secretory responses of denervated gastric pouches. By R. A. 


Grecory and Hitpa J. Tracy. Physiological Laboratory, University of 

Inverpool 
Uvnas (1942) suggested that the vagal excitation which occurs on eating a 
meal may release the pyloric hormone. Since release of gastrin by stimulation 
of isolated antral pouches is known to be facilitated by a neutral reaction and 
inhibited by acid (Woodward, Lyon, Landor & Dragstedt, 1954), and a rise 
of intragastric pH occurs on eating a meal, the concomitant vagal excitation 
should liberate the pyloric hormone. However, vagally-denervated (Heiden- 


| hain) gastric pouches show no immediate response to feeding (Hood & Code, 


1951). This suggests that either the pyloric hormone is not released from the 


: intact stomach immediately a meal is eaten, or that such pouches are for some 
reason insensitive to its presence in the circulation. 


In the present experiments, dogs were provided with gastric cannulae and | 


: completely denervated gastric pouches. Such pouches are devoid of the 
_ sympathetic innervation present in the Heidenhain pouch. Possibly because 


of this, they are more sensitive than the latter; and their responses are 


_ unequivocally due to humoral agencies. Psychic stimulation (teasing) evoked 
_ little or no response; but on feeding secretion often began within 15 min 


and after about an hour was succeeded by a secondary phase lasting 2-4 hr. 
Direct introduction into the stomach of meat or moist paper powder caused a 
secretion from the pouch which began promptly and lasted about 60 min. 


C This was increased by addition (to the paper powder) of phosphate buffer 
_ pH 7 and inhibited by the addition of acid (0-01Nn-H(C)). 


These responses were greatly potentiated by continuous injection of sake: 
line or carbachol in doses which themselves excited little or no secretion. 


_ Larger doses of urecholine stimulate gastric secretion partly by liberating 
_ the pyloric hormone (Langlois & Grossman, 1950); and subthreshold doses 


potentiate the release of gastrin from transplanted pyloric pouches by dis- 


_ tension (Grossman, Robertson & Ivy, 1948) and also the response of gastric ~ 
_ pouches to histamine (Robertson & Grossman, 1948). 

_, The potentiated response to a meal could be transiently depressed by intro- 
_ duction of acid directly into the stomach. Atropine (0-5 mg intravenously) 
: completely arrested secretion in a few minutes. 


Continuous injection of histamine did not potentiate the response to 


a feeding. Attempts to sensitize the pouch by irrigation with 0-5 % acetylcholine 
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solution were unsuccessful. After removal of the pyloric antrum, the response _ 
to feeding was very small and very itte increase could be produced by urecho- 
line or carbachol injections. 

These observations are consistent with the view that when a meal is eaten 
the pyloric hormone is promptly liberated by vagal excitation and gastric 
distension; this release is dependent upon intragastric pH. 
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Estimation of rapid changes in aldosterone secretion following 
variations of plasma volume in the anaesthetized dog. By 
MarGAaRETHE HoLzBAvER and Voer. Labora- 
tory, Unwersity of 


The relationship between ventilation volume and oxygen con- 
sumption in young men. By J. M. Apam, 0. G. Epsom and 
H. 8. Wourr. Division of Human Physiology, National Institute for 
Medical Research, London, N.W. 3 
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Mollusc, transmission through ganglia in 
(Mya), 553 

Monosynaptic reflex, of 
motoneurones affecting (cat), 17 

Motoneurone, intracellular recording from 
chromatolysed (cat), 11 

M in-sickness, potassium depletion 
and (T), 36P 


| Muscle fibre, sodium and potassium move- 


ments in single (T), 61P 

Muscle spindle, spinal reflex regulation of 
efferent supply to (cat), 195 

two types of efferent fibres to (rabbit), 

54P 

Muscle twitch, dynamics of (frog), 104 

Muscular contraction, dynamics of (frog), 
104 

Myanesin, fusimotor neurone discharges 
affected by (cat), 202 


Myocardium, calcium influence on sodium 


and potassium content of isolated (rat), 
14P 
Myoclonus, intraventricular injection of 
Newcastle disease virus causing (cat), 68 
Myotatic loop gain, soleus isometric con- 
traction and (cat), 391 


Nerve, anodal block while monitoring com- 
pound action potential of, 42P. 


- Nerve block, finger movement apprecia- 


tion and execution affected by (man), 
55 
Nerve fibre, membrane currents under 
voltage clamp conditions in (frog), 76 
Nerve impulse, instantaneous frequency 
meter for recording of, 34P 
Neurohypophysial hormones, anaesthe- 
tics and haemorrhage release of (rab- 
bit), 16P 
Neuromuscular junction, excitation at 
(crustacea), 403 
inhibition at (crustacea), 426 
New-born, oxygen consumption, hypoxia, 
and environmental t 
in (cat), 64P 
regional oxygen 
during anoxia in (sheep), 71 P 


Newcastle disease virus, myoclonus in- 


duced by intraventricular injection of 
(cat), 68 


Noradrenaline, release from 
nerves to intestine of (cat), 42 

Nutritional ketosis, environmental and 
other factors affecting (man), 16P 


Oxygen consumption, method for record- 
ing minute by minute (T), 6P 

Oxygen high pressure, circulatory and 
respiratory changes induced by (rat), 
149 

Oxytocin, disappearance from circulation 
of (rat), 


Pancreatic secretion, factors affecting in 
conscious animal (sheep), 81 P 

Paradox state, doubly innervated muscles 
showing (crustacea); 448 

Parotid gland, ‘paroxysmal’ secretion of 
saliva after parasympathetic denerva- 

. tion of (cat), 506 

Parotid secretion, development in young 
of (goat), 63P 

‘Paroxysmal’ salivary secretion, parotid 
gland parasympathetic denervation 
causing (cat), 506 

Peristalsis, modified method for studying 

in isolated loops of intestine (T), 1P 

Photocell exposure meter, cadmium sul- 
phide (T), 2P 

Picrotoxin, peripheral inhibition affected 
by (crayfish), 541 

Pituitary gland, thyroid activity affected 
by stimulation of (rabbit), 250 

Pituitary stalk section, regeneration of 
anterior pituitary after (sheep), 25P 

Plain muscle, acetylcholine action on 
electrical properties of (guinea-pig), 165 

drugs action on depolarized (various), 


474 
el betie “of ACh: and 


Plasma noradrenaline, posture henge 
effect on (man), 20P 

Post-exercise hyperaemia, tem 
effect on magnitude of (man), 464 

Post-exercise ketosis, environmental 
temperature and water balance effect 
on {man), 17P 


-Post-synaptic potentials, chromatolysis 


effect on motoneurone (cat), 17 
Postural tone, neuromuscular  inter- 
action in isometric soleus muscle (cat), 
387 
Posture, aldosterone excretion affected by 
acute changes in (man), 9P 
plasma adrenaline and noradrenaline 
affected by changes in (man), 20P 
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(guinea-pig), 175 
— on stimulation loss of (rat), 


oe muscle depolarization by (various), 


(rat), 91 
histamine (**C) metabolism in (man), 
62P 


Presynaptic potential, giant 
potential relation to (squid), 132 
Propodite, innervation of muscles moving 


Pulmonary artery, hypertrophy and 
hyperplasia incidence of media of (cat), 
70P 

Pulmonary blood flow, carotid sinus 
reflexly affecting (dog), 


Pulmonary edema, ‘neurogenic’ (guinea- 
pig), 53P 


Radial acceleration, forearm and hand 


showing (cat), 393 

Renal cortex, choline and sulphate pene- 
tration of (rat), 277 

mercaptomerin effect on water and cation 

content of slices of (rat), 284 

Respiration, high oxygen pressure effect 
on (rat), 154 

Respiratory metabolism, apparatus for 
graphic determination of (man), 3P 

Reticulo-rumen, nervous structures in 
epithelium of (lamb), 30P 


Reticulum, partial exteriorization of 
(sheep), 35P 

Retina, colour of light 
ara passed through from behind (T), 

Rhinoceros, temperature regulation in 
white, 51P 


Ricinoleic acid, irin-like activity of, 65P 
Right atrial pressure, reflex 


003 to changes i in (eat), 6 


SUBJECT INDEX 


Sensory nerve cell, site of impulse initia- 
tion in stretch receptor (lobster), 
138 
Sensory nerve, substance P and ATP con- 
tents on degeneration of (rabbit), 45 P 
Series elastic component, muscle length 
and time after twitch effects on (frog), 
529 
Serum, skeletal muscle sodium affected by 
factors in (rat), 22P 
Siphon, innervation of (Mya), 555 
Skeletal muscle, analysis of mechanical 
components in (frog), 515 
controlled differentiation during growth 
of (cat), 23P 
dynamics of contraction of (frog), 104 
joint movement — affected by 
tension in (man), 60 
local excitation and interfibrillar struc- 
tures in (lizard), 40P 
oxygen consumption relation to number 
of stimuli during work of (dog), 10P 
potassium content affected by stimulation 
of (rat), 307 
search for arterio-venous anastomoses in 
(cat, rabbit), 80P 
serum factors effect on sodium content of 
(rat), 22P 
temperature effect on duration of sus- 
tained contraction in forearm of (man), 
454 
twitch tension and action potential rela- 


tion in fatigued and _ iodoacetate- 


poisoned (frog), 36.P 

Skeletal muscle elastic components, 
anatomical sites of (frog), 535 

Skeletal muscle fibre, membrane poten- 
tial and potassium concentration effects 

on potassium permeability of, 59 P 

Skin blood flow, insulin hypoglycaemia 
effect on (man), 332 

Sodium, cardi aC cont 

Soleus muscle, neuromuscular interaction 
in isometric contraction of (cat), 387 

Soma-dendritic membrane, chromatoly- 
sis of motoneurones effect on (cat), 27 

Spectral sensitivity, ‘eye-spots’ showing 
(flatworm), 373 

Spinal cord, excitability and conductivity 
eo (frog) (T), 

Spinal preparation, fusimotor neurone 
discharges in (cat), 195 

Spindle control, soleus isometric contrac- 
tion and (cat), 395 

Stomach, cortical 
acidity and of 56P 


tion affected 
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XXIV 
Potassium, acetylcholine action on taenia 
4 coli electrical properties affected by iS 
475 
Pregnancy, histamine formation during 
4 (crustacea), 404 
a Prothrombin time, calcium and anti- 
a coagulants effects on, 58P 
: Pulmonary arterial pressure, carotid 
4 sinus baroreceptors reflexly affecting 
(dog), 343 
4 peripheral circulation affected by change 
4 in (cat), 3 
j 
4 (man), 83P | 
. Recruitment, soleus isometric contraction | 
| 
4 | 
a 
q associa- 
f tion with (goat), 46P 


: SUBJECT INDEX 
. | Stomach, histamine and other substances 


action of isolated strips of (sheep), 82 P 

Stress-strain curve, comparison of muscle 
contraction with contraction after 
release (frog), 520 

Stretch receptor, site of impulse initiation 
in nerve cell of (lobster), 138 

Subclavian body, chemoreceptor impulse 
activity from (cat), 55P 

Suckling, neurohypophysial hormones liber- 
ated by (dog) (T), 68P 

Sulphate, renal cortex penetration by (rat), 
278 

Supplemented inhibition, 
muscle showing, 433 


crustacean 


Supraopticohypophyseal tract, thyroid 


activity affected by stimulation of 
(rabbit), 254 

Sweat gland, impedance change in relation 
toduct filling andemptying in (cat), 48 P 

Sweating, pressure effect on (man), 39 P 

Sympathetic transmitter, time course of 
release in intestine of (cat), 45 

Synapse, impulse transmission across ont 
(squid), 114 

Synaptic potential, p 
synapse of (squid), 118 


Taenia coli, acetylcholine action on elec- 
trical properties of (guinea-pig), 165 
adrenaline and DNP actions on electrical 
properties of (guinea-pig), 183 
Teeth, mitoses in pulp and periodontal con- 
nective tissues of continuously ~— 
(rabbit), 77 P 


at giant 


‘Voltage clamp, membrane currents in 


XXV 


Temperature, forearm muscles sustained 
contraction duration affected by (man), 
454 
series elastic component in muscle affected 
by (frog), 533 
Temperature regulation (white rhino- 
ceros), 51P 
Thyroid activity, hypothalamic stimula- 
tion affecting (rabbit), 246 
Thyroid gland, adrenaline and noradrena- 
line effects on (man, dog), 12P 
Tremor records, frequency analyses of 
small muscle (T), 36P 
» Yeserpine-treated animals 
affected by (T), 15P 


Udder, blood flow and milk yield on per- 
fusion with artificial media of (goat), 
74P 

Underwater animal sounds, analyser for 
(T), 36P 


Vasomotor reversal, 
(guinea-pig), 73.P 

Venous occlusion plethysmograph, 
water height effect on blood flow 
measurement by (man), 380 

Ventilation volume, oxygen 
relation to (man) (T), 86P 


reserpine and 


tion 
nerve fibre under (frog), 76 


Walking, individual variations in energy 
expenditure of (man), 575 
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